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QUANTITATIVE  ASPECTS  OF  THE  EVOLUTION  OF 

CONCEPTS^ 

Introduction 

The  functional  and  quantitative  aspects  of  the  evolution  of 
concepts  are  at  present  in  about  the  same  state  as  were  corre- 
sponding aspects  of  memory  when  Ebbinghaus  publialied  his 
monograph  on  that  subject  in  1885.  This  is  true  in  spite  of  a 
very  considerable  activity  on  the  part  of  experimenters  in  the 
field  of  the  higher  mental  processes  within  recent  years.  The 
problem  of  generalizing  abstraction  has  itself  been  directly  at- 
tacked a  number  of  times,  notably  by  Moore  (8)  in  1905,  by 
Griinbaum  {2)  in  1906-07,  and  by  Miss  Fisher  (/)  in  191 2-1 3. 
But  in  every  case  the  studies  have  been  largely  introspective  in 
method,  analytic  in  purpose,  and  qualitative  in  result.  The 
functional  and  quantitative  aspects  of  the  problem  remain  almost 
untouched. 

The  reason  for  such  a  condition  is  of  course  not  far  to  seek. 
It  lies  in  the  great  complexity  of  the  process  involved.  •  Where 
many  factors  must  be  cooperating  nearly  or  quite  simultaneously 
wathin  a  single  living  process,  it  is  not  easy  to  keep  all  of  them 
constant  except  one  and  at  the  same  time  to  vary  that  one  so  as 
to  make  a  direct  quantitative  comparison  of  the  results  of  the 
several  phases  of  its  variation.  Difficulty  or  ease  of  solution  of 
a  problem  is,  however,  often  largely  an  expression  of  the  effi- 
ciency of  the  methods  and  technique  available.  Memory  which^ 
had  previously  resisted  the  efforts  of  psychologists,  became  rela- 
tively accessible  after  Ebbinghaus  invented  a  suitable  method. 
It  is  hoped  that  the  quantitative  aspects  of  the  evolution  of  con- 
cepts will  ultimately  yield  to  a  similar  technique.  The  present 
study  is  an  effort  to  elaborate  such  a  technique  and  to  apply  it 
to  a  number  of  the  characteristic  quantitative  problems  concerned 
with  the  evolution  of  concepts. 

*  Offered   in   partial    fulfillment   of   the   requirements    for   the    degree   of 
Doctor  of  Philosophy,  University  of  Wisconsin,  1918. 
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The  work  began  in  191 2  with  a  year  of  preliminary  experi- 
mentation in  the  Psychological  Laboratory  of  the  University  of 
Michigan.  This  was  continued  the  following  year  at  the  Eastern 
Kentucky  State  Normal  School.  In  1914  the  work  was  trans- 
ferred to  the  Psychological  Laboratory  of  the  University  of  Wis- 
consin, where  the  problem  and  technique  soon  took  on  their  final 
form  and  where  the  work  was  continued  until  the  spring  of 
1 9 18.  A  preliminary  report  containing  a  description  of  the  gen- 
eral technique  and  the  results  from  a  few  subjects  was  submit- 
ted to  the  University  of  Wisconsin  as  a  Master's  thesis  in  191 5. 
An  abstract  of  this  work  was  also  presented  in  a  paper  before 
the  Chicago  meeting  of  the  Psychological  Association  of  that 
year,  together  with  a  demonstration  of  an  imperfect  model  of 
the  apparatus  used. 
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II 

ANALYSIS  OF  THE  EXTERNAL  CONDITIONS  UNDER 
WHICH  CONCEPTS  ARE  EVOLVED^ 

For  the  results  of  a  psychological  experiment  to  be  taken  as 
characteristic  of  any  actual  life-process,  it  is  obvious  that  the 
experiment  must  duplicate  all  of  the  conditions  essential  to  that 
process.  In  comparatively  simple  processes  especially  where 
much  is  already  known  concerning  them,  the  difficulty  of  de- 
termining in  advance  what  are  the  essential  characteristics,  is  not 
excessive.  But  in  a  highly  complex  and  imperfectly  known  pro- 
cess such  as  that  by  which  concepts  are  evolved,  it  may  fairly  be 
said  to  be  great.  Theoretically,  perhaps  the  only  way  to  decide 
positively  whether  a  given  factor  is  influential  or  not  is  to  de- 
termine experimentally  whether  any  different  result  is  obtained 
in  cases  where  all  possible  factors  are  included  as  compared  with 
cases  where  all  except  this  one  are  included.  And  for  similar 
reasons,  in  the  absence  of  such  experimental  determination  with 
all  other  factors  equal,  the  more  completely  the  conditions  of  the 
life-process  are  duplicated  in  the  experiment,  the  greater  the  prob- 
ability that  the  results  of  the  experiment  will  be  true  of  the  par-^ 
ticular  life-process.  It  is  consequently  incumbent  on  us  at  the^ 
very  outset  of  such  an  investigation  to  make  as  complete  and^ 
careful  an  analysis  as  possible  of  the  external  conditions  which^ 
precipitate  and  condition  the  process  in  question. 

No  doubt  concepts  may  be  evolved  in  many  different  ways^i 
(/a)  just  as  associative  learning  may  be  performed  in  many 
different  ways.^  But  the  evolution  of  concepts  or  generalizing 
abstraction,  being  a  distinctly  more  complicated  process,  may 
reasonably  be  expected  to  present  a  considerably  greater  variety 
of  forms.    Some  of  these  are  comparatively  simple,  while  others 

^Thc  customary  historical  survey  is  omitted  here  chiefly  because  of  the 
paucity  of  material  bearing  upon  our  present  problem.  Contact  is  made  with 
various  studies  in  the  course  of  the  monograph,  in  the  most  appropriate 
connections. 
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are  extraordinarily  complex.  One  of  the  simplest  and  most  prim- 
itive types  of  generalizing  abstraction  may  be  illustrated  by  the 
following  experiment 

The  writer  held  a  lighted  white  paraffine  candle  in  an  other- 
wise dark  room,  about  a  foot  from  the  face  of  a  lively  child  of 
sixteen  months.  The  child  soon  put  her  hand  forward  into  the 
flame  and  extinguished  it.  When  the  candle  was  lighted  again 
a  moment  later,  she  shrank  away  from  it  with  a  characteristic 
turning-away  of  the  head,  a  peculiar  facial  expression  and  a 
drawing  back  of  the  hands  against  the  sides  of  the  body.  The 
next  day  she  was  held  up  to  an  8  C.P.  glowing  electric  light  bulb 
hanging  from  a  cord.  She  had  been  fond  of  playing  with  this 
under  similar  circumstances  for  some  weeks.  But  now  she  re- 
fused to  touch  it,  responding  with  a  similar  turning-away  of  the 
head,  the  peculiar  facial  expression  and  the  drawing  back  of  the 
hands  against  the  sides  of  the  body  as  in  the  candle  experiment. 
A  moment  later  when  the  current  was  turned  off  and  the  bulb 
was  no  longer  luminous  but  still  warm,  she  took  it  in  her  hands 
as  readily  as  ever.  This  was  relocated  several  times  on  the  fol- 
lowing day  with  uniform  results.  Record  was  made  on  the  same 
day. 

Assuming  that  the  candle  experience  was  the  cause  of  the 
changed  reaction  to  the  electric  light  bulb,  it  is  evident  that  a 
"reaction  has  been  transferred  from  the  former  to  the  latter,  pre- 
""sumably  through  the  identical  element  of  luminosity.  The  mere 
^abstraction  of  this  element  from  the  gross  complex  of  the  candle 
*  situation  resulted  simply  from  the  superior  attention  value  of 
the  brightness.  The  generalization  resulted  from  a  major  asso- 
ciative bond  being  formed  between  the  luminosity  and  the  re- 
action of  withdrawing.  The  changed  reaction  to  the  luminous 
lamp  merely  made  outwardly  manifest  the  generalizing  abstrac- 
tion which  had  already  taken  place. 

A  second  characteristic  type  of  generalizing  abstraction  is  in- 
volved in  the  so-called  inductive  "steps*'  of  formal  instruction 
originated  by  Herbart.    These  briefly  summarized  are: 

I.  The  subject  is  presented  with  a  number  of  experiences, 
either  simultaneously  or  in  succession,  each  of  which  contains  a 
certain  characteristic  common  to  the  others. 
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2.  The  subject  is  brought  to  compare  deliberately  the  various 
situations  presented  with  a  view  to  discovering  similarities  and 
differences  among  them. 

3.  Lastly  the  significant  element  common  to  all  the  experiences 
is  deliberately  sought  out,  found,  and  formulated  in  language. 

Here  the  process  is  much  more  elaborate  than  the  type  pre- 
viously described:  a  linguistic  reaction  replaces  the  protective; 
more  than  one  concrete  situation  is  used  as  a  basis  of  the  process ; 
the  act  of  generalization  becomes  for  the  subject  a  deliberate 
task,  and  largely  an  end  in  itself.  The  process  has  strong  ele- 
ments of  artificiality,  as  will  be  pointed  out  in  connection  with 
the  third  and  "standard''  type  of  generalizing  abstraction  to  be 
described  presently.  This  of  course  implies  nothing  as  to  the 
usefulness  of  the  "steps"  as  a  method  of  instruction. 

^  The  third  will  be  called  the  "standard"  method  of  generalizing 
abstraction  because  it  is  believed  to  be  the  method  by  which  the 
great  majority  of  actual  concepts  are  evolved.  It  is  conse- 
quently the  method  which  is  made  the  basis  of  the  experimental 
investigations  to  be  described  later  and  for  that  reason  will  be 
*  analyzed  in  muclr  fuller  detail  than  the  others.  In  schematic 
outline  the  external  factors  conditioning  this  process  may  be 
briefly  stated  as  follows :  yA  young  child  finds  himself  in  a  cer- 
tain situation,  reacts  to  it  by  approach  say,  and  hears  it  called 
"dog."  After  an  indeterminate  intervening  period  he  finds  him- 
self in  a  somewhat  different  situation,  and  hears  that  called 
"dog."  Later  he  finds  himself  in  a  somewhat  different  situation 
still,  and  hears  that  called  "dog"  also.  Thus  the  process  con- 
tinues. The  "dog"  experiences  appear  at  irregular  intervals. 
The  appearances  are  thus  unanticipated.  They  appear  with  no 
obvious  label  as  to  their  essential  nature.     This  precipitates  at 

A  each  new  appearance  a  more  or  less  acute  problem  as  to  the 
proper  reaction.  This  problem  largely  monopolizes  the  focus  of 
consciousness.  Meantime  the  intervals  between  the  "dog"  ex- 
periences are  filled  with  all  sorts  of  other  absorbing  experiences 
which  are  contributing  to  the  formation  of  other  concepts.  At 
length  the  time  arrives  when  the  child  has  a  "meaning"  for  the 
word  dog.    Upon  examination  this  meaning  is  found  to  be  actu- 
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ally  a  characteristic  more  or  less  common  to  all  dogs  and  not 
common  to  cats,  dolls  and  *'teddy-bears."  But  to  the  child  the 
process  of  arriving  at  this  meaning  or  concept  has  been  largely 
unconscious.  He  has  never  said  to  himself,  "Lo !  I  shall  proceed 
to  discover  the  characteristics  common  to  all  dogs  but  not  en- 
joyed by  cats  and  'teddy-bears'."  The  formation  of  the  con- 
cept has  never  been  an  end  deliberately  sought  for  itsdf  (7,  204). 
It  has  always  been  the  means  to  an  end — ^the  supremely  absorb 
ing  task  of  physical  and  social  reaction  and  adjustment.  Such  in 
brief  is  our  "standard"  or  normal  type  of  concept  evolution. 

It  will  be  convenient  at  this  point  to  consider  the  methods  fol- 
lowed by  the  three  experimenters  who  have  attacked  the  prob- 
lem of  generalizing  abstraction.  According  to  our  preceding 
analysis,  all  of  them  fall  considerably  short  of  fulfilling  the  con- 
ditions for  the  evolution  of  concepts,  as  it  iisually  takes  place  in 
ordinary  life.*  This  is  particularly  true  of  the  studies  of  Moore 
and  Griinbaum. 

Moore*  presented  to  his  subjects  in  rapid  succession,  by  means 
of  a  Ranchberg  memory  apparatus,  groups  of  nonsense  charac- 
ters. One-fourth  second  was  given  to  each  exposure  with  a 
blank  period  of  equal  leng^  between.  Each  group  contained 
five  distinct  characters  arranged  in  a  horizontal  row.  One  char- 
acter was  the  same  in  all  the  groups,  all  the  other  characters  dif- 
ferent. The  subjects  were  directed  to  determine  as  quickly  as 
possible  whether  there  was  any  common  element  in  the  series, 
and  to  terminate  the  series  of  exposures  by  pressing  a  key  the 
instant  this  was  realized.  The  subjects  were  then  directed  to 
report  the  recollection  of  their  mental  states  during  the  process, 
particularly  as  to  the  nature  of  the  common  element  found  and 
the  other  characters  seen. 

Grunbaum  (2)  modified  the  method  of  Moore  somewhat.  H« 
presented  to  his  subjects  simultaneously  within  a  single  visual 
field,  two  groups  of  simple  distinct  characters.  One  character 
was  alike  in  each  of  the  two  groups,  all  the  others  different.    The 

2  Their  findings  so  far  as  they  apply  to  the  present  study,  will  be  consid- 
ered as  occasion  arises. 
»  Op.  cit. 
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two  groups  of  characters  were  separated  by  a  diagonal  line.  The 
exposures  were  for  three  seconds.  The  subjects  were  directed  to 
first  find  the  character  common  to  the  two  groups  as  quickly  as 
possible  and  then  to  examine  the  other  characters  during  the  re- 
mainder of  the  exposure.  The  subject  then  reported  the  nature 
of  the  character  found,  his  recollection  of  the  process  of  finding, 
and  any  other  characters  which  he  could  remember. 

In  the  first  place,  at  least  for  an  adult,  the  groups  used  by  both 
the  above  experimenters  must  have  contained  an  extremely  weak 
unity  even  where  the  exposures  were  as  brief  as  those  used  by 
Moore.  The  role  of  language  in  the  process  is  utterly  ignored, 
and  the  problem  and  reaction  aspects  are  lacking  in  the  sense  m 
which  they  appear  in  the  normal  process.  Moreover  the  gen- 
eralizing is  made  a  deliberate  task  instead  of  being  incidental. 
Lastly  there  is  the  extreme  brevity  of  Ae  total  process.  Some 
of  Moore's  experiments  average  from  four  to  six  seconds,  and 
Griinbaum's  less  than  three  seconds  per  generalization ! 

Miss  Fisher  (j)  presented  to  her  subjects  visually  in  succes- 
sion, complicated  unitary  nonsense  forms  containing  common 
elements.  The  exposures  were  three  seconds  each,  and  there 
were  ten  forms  in  each  series.  Beneath  each  form  of  the  series 
was  printed  conspicuously  the  same  nonsense  name.  The  sub- 
jects were  told  that  at  the  end  of  the  series  they  would  be  called 
upon  to  define  the  group  name.  Elaborate  introspections  were 
taken  frequently  throughout  the  process.  Here  we  have  a  some- 
what closer  approximation  to  a  bona  fide  process  of  concept  evo- 
lution. Its  approximation  is  to  the  distinctly  artificial  type  ex- 
emplified by  the  Herbartian  formal  "steps"  however,  rather  than 
to  the  process  as  it  takes  place  spontaneously  in  ordinary  life. 
Her  experiences  are  ideally  unitary.  She  partly  recognizes  the 
role  of  language,  though  its  guiding  function  in  generalization 
{11,  II;  14,  149  f¥.  especially  161)  is  not  realized  any  more 
than  in  the  Herbartian  "steps."  Just  as  there,  the  mind  of  the 
subject  is  still  tingling  with  the  impression  of  the  last  experience 
when  a  new  one  of  the  same  kind  appears.  The  general  iiature 
of  each  new  experience  is  known  before  it  is  presented.  There 
consequently  never  exists  any  problem  for  the  subject  to  dis- 
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cover  a  suitable  reaction  to  the  situation  as  such.  As  a  further 
consequence,  he  does  not  utilize  the  results  of  his  partial  gen- 
eralizations in  coping  with  the  succeeding  situations.  The  prob- 
lem so  far  as  any  exists  is  only  a  pseudo  problem — that  of  de- 
liberately and  self-consciously  discovering  common  elements.  It 
is  difficult  to  say  what  influence  her  constant  and  elaborate  intro- 
spections had  upon  the  process,  though  it  is  safe  to  assume  that 
such  an  amount  of  irrelevant  mental  activity  was  not  without 
its  effect. 
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THE  EFFICIENCY  OF  EVOLVING  CONCEPTS  BY  PRO- 
CEEDING FROM  THE  SIMPLE  TO  THE  COMPLEX 

Experiment  A 
Problem 
^  The  first  problem  which  we  shall  consider  arises  from  the  fa- 
miliar educational  injunction  to  "proceed  from  the  simple  to  the 
complex/'  We  shall  try  to  determine  experimentally  how  far 
this  method  justifies  its  reputation  when  applied  to  the  evolution 
of  concepts.  How  much  if  any  more  economical  is  it  to  evolve 
a  concept  by  experiencing  first  the  simpler  concrete  examples 
from  which  it  is  to  be  abstracted  and  proceeding  progressively  to 
the  more  complex  and  difficult  examples,  over  an  opposite  order. 
In  symbols,  if  the  concept  x  is  to  be  evolved  from  the  series  of 
concrete  examples: 

ax,  bcx,  defx,  ghijx,  klmnox,  pqrstux, 
is  it  more  or  less  efficient  to  experience  the  examples  in  the 
simple-to-complex  order  (reading  from  left  to  right)  or  to  ex- 
perience them  in  the  reverse  or  complex-to-simple  order? 

•  Technique 

The  general  conditions  under  which  concepts  are  ordinarily 
evolved  have  been  roughly  suggested  in  the  last  chapter.  We 
must  now  formulate  them  more  exactly  and  translate  them  into 
terms  of  experimental  technique. 

I.  The  subject  must  be  presented  with  a  large  number  of  uni- 
tary experiences  each  distinct  from  the  rest. 

The  basis  for  such  a  series  of  visual  experiences  was  supplied 
by  the  144  Chinese  characters  shown  in  Plate  I.  These  char- 
acters were  taken  from  a  Chinese  dictionary,  and  freely  adapted 
to  the  present  purpose  wherever  deemed  necessary.  They  were 
drawn  with  great  care  in  black  ink  upon  cards  two  inches  long 
and  one  inch  wide.    The  characters  thus  prepared  were  presented 
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to  the  subject  one  after  another  by  means  of  a  specially  con- 
structed apparatus. 

This  device  somewhat  resemMed  the  drum  form  of  Wirth 
memory  apparatus.  The  slips  on  the  drum  held  twelve  cards. 
The  periodic  movements  of  the  drum  were  controlled  automatic- 
ally and  exactly  by  a  simple  pendulum  clockwork  which  was 
built  into  the  apparatus.  By  means  of  a  special  form  of  cam 
this  clockwork  released  the  drum  at  periods  varying  an3rwhere 
from  one  to  six  seconds  as  desired.  Throughout  the  present 
study  a  uniform  exposure-time  of  five  seconds  was  employed. 
The  movements  of  the  pendulum  were  concealed  from  the  sub- 
ject by  a  screen  of  cardboard  attached  to  the  table  upon  which  the 
apparatus  rested.  The  sound  of  the  ticking  of  the  clockwork 
was  reduced  to  that  of  an  ordinary  clock  by  an  elastic  escape- 
ment of  special  shape.  In  addition  this  escapement  was  at- 
tached to  the  pendulum  by  means  of  a  piece  of  rubber  which  ab- 
sorbed the  greater  part  of  the  remaining  vibration.  When 
wound  the  apparatus  would  continue  giving  exposures  accurately, 
of  the  required  length  and  without  any  attention  whatever  from 
the  experimenter  for  a  period  of  from  40  to  50  minutes.  The 
accurate  automatic  feature  of  the  device  was  of  the  greatest 
value  throughout  the  experiment.  Indeed  owing  to  the  neces- 
sarily complex  duties  of  the  experimenter  while  the  experiment 
was  in  progress,  the  study  could  not  have  been  carried  on  with- 
out it. 

2.  Each  one  of  these  unitary  experiences  must  require  a  defi- 
nite reaction  from  the  subject  at  each  presentation. 

This  requirement  was  satisfied  by  having  the  subject  respond 
to  each  character  as  it  appeared  by  speaking  a  particular  nonsense 
syllable. 

3.  The  reaction  required  must  be  identical  for  each  individual 
within  limited  groups  of  experiences.  The  resulting  groups  must 
he  numerous. 

rhis  requirement  was  satisfied  by  having  each  of  the  twelve 
characters  of  the  first  horizontal  row  in  Plate  I  (Series  A)  re- 
acted to  by  speaking  the  word  "66,"  the  next  row  of  twelve  by 
speaking  "yer"  and  so  on.    Thus  each  horizontal  row  of  char- 
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Plate  II.  Exposure  Apparatus. — P,  pendulum  with  adjustable  bob.  Es, 
elastic  escapement.  C,  cam  attached  to  the  escapement  shaft  This  cam 
controls  by  the  rod  R  a  secondary  escapement  (not  shown  by  this  view) 
which  engages  pins  set  in  the  farther  end  of  the  drum.  This  escapement  re- 
leases at  equal  intervals  of  time,  permitting  the  drum  instantly  to  turn  one 
twelfth  of  a  revolution.  C  is  a  second  cam  which  may  be  used  to  secure 
movements  of  the  drum  at  intervals  of  time  one  half  as  great.  W  and  W 
are  lead  weights  which  drive  the  clockwork  and  the  drum  respectively.  The 
drum  has  at  equal  intervals  on  its  surface,  twelve  pairs  of  shallow  grooves 
in  which  cards  bearing  characters  are  placed  for  successive  exposure  at  the 
window.  One  of  the  characters  is  shown  at  the  window  as  viewed  by  the 
subjects  in  experiments  A  to  I. 
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acters  constituted  a  separate  reaction-group.    There  were  twelve 

such  groups  in  all,  which  are  regarded  as  sufficiently  "numerous" 

to  satisfy  the  technical  requirwnents  of  the  experiment. 

The  twelve  syllables  used  were  pronounced  as  follows :  66,  yer,  le,  ta,  deg, 
ling,  hui,  chun;  v6,  nH,  nez,  fid. 

4.  All  of  the  indizHdual  experiences  which  require  a  given  re- 
action, must  contain  certain  characteristics  which  are  at  the  same 
time  common  to  all  members  of  the  group  requiring  this  reaction 
and  which  are  NOT  found  in  any  members  of  the  groups  requir- 
ing different  reactions.^ 

This  requirement  is  satisfied  by  the  fact  that  all  the  characters 
(e.g.  in  Series  A  Plate  I),  contain  certain  strokes  in  common. 
These  characteristic  strokes  for  each  of  the  twelve  reaction- 
groups  are  isolated  in  the  vertical  column  of  characters  labeled 
"concept."  They  may  be  easily  observed  imbedded  in  each  of 
the  characters  in  the  group  following  but  they  are  not  found  in 
any  of  the  other  groups. 

5.  All  of  the  individual  experiences  which  require  a  given  re- 
action must  always  be  accompanied  by  the  experience  of  a  given 
word,  which  must  never  accompany  experiences  requiring  a  dif- 
ferent reaction. 

This  was  accomplished  in  the  early  part  of  each  experiment  by 
the  experimenter  pronouncing  the  name  in  question  in  the  mid- 
dle of  the  exposure  of  each  of  the  particular  characters  of  a 
given  reaction-group  whenever  they  chanced  to  appear.  The 
ticking  of  the  clockwork  marked  the  middle  of  the  five-second 
exposure.  The  subject  always  repeated  the  syllable  distinctly  im- 
mediately after  the  experimenter.  He  was  directed  to  anticipate 
the  experimenter  as  soon  as  possible  by  himself  speaking  the 
required  word  during  the  two-and-one-half  seconds  of  the  ex- 
posure before  the  prompting  should  occur.  A  consistent  reaction 
of  this  kind  was  always  established  after  a  longer  or  shorter 
series  of  exposures.  In  cases  of  successful  reaction  the  subject 
heard  the  word  spoken  by  himself  in  connection  with  the  cor- 

^This  of  course  ignores  the  obvious  fact  that  the  same  object  may  be  con- 
ceived in  numerous  ways  and  that  under  different  circumstances  may  re- 
quire very  different  reactions.  Only  a  slight  modification  of  the  technique 
here  employed  would  be  necessary  to  measure  its  influence  which  presum- 
ably is  important.     (See  James,  4,  II,  333.) 
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responding  character.     Consequently  there  was  no  need  for  the 
experimenter  to  speak  the  word. 

6.  The  individual  concrete  experiences  must  take  place  in  a 
random  order  and  consequently  one  unanticipated  by  the  subject. 

This  was  secured  as  follows :  In  the  first  place  the  characters 
were  presented  in  "packs"  of  12.  An  inspection  of  Plate  I  will 
show  that  a  "pack"  or  vertical  column  of  characters  includes  one 
representative  of  each  reaction-group.  Since  the  capacity  of  the 
drum  was  also  12,  a  "pack"  of  characters  exactly  filled  the  drum. 
Secondly  the  order  of  the  representatives  of  the  various  reaction- 
groups  in  a  given  pack  was  fixed  by  chance,  subject  only  to  the 
qualification  that  the  representatives  of  two  or  more  reaction- 
groups  should  never  come  in  immediate  succession  in  any  two 
successive  "packs,"  and  further  that  the  representative  of  a  given 
reaction-group  should  never  appear  first  or  last  in  more  than 
one  "pack." 

7.  The  experiences  belonging  to  a  given  reaction-group  must 
ordinarily  be  separated  by  one  or  more  experiences  belonging  to 
the  other  groups. 

This  is  necessary  effectually  to  efface  any  immediate  memory 
images  which  might  otherwise  be  superposed  directly  upon  a 
second  experience  of  the  same  reaction-group.  This  was  se- 
cured by  the  procedure  just  described  under  (6)  above. 

8.  Each  new  experience,  particularly  at  the  beginning  of  the 
process,  must  precipitate  the  m^re  or  less  acute  problem  of  de- 
termining what  reaction  will  secure  satisfaction  and  avoid  an- 
noyance. 

This  was  adequately  realized  by  the  unanticipated  order  of 
the  experiences  described  above,  together  with  the  fact  that  the 
subject  was  under  obligation  if  possiMe  of  reacting  promptly  and 
correctly  by  pronouncing  the  name  of  each  character  as  it  ap- 
peared. If  he  could  not  react  correctly  he  had  the  annoyance  of 
failure,  and  if  he  succeeded  he  had  the  satisfaction  of  conscious 
success. 

9.  In  coping  with  new  situiations,  the  subject  must  constantly 
use  any  incipient  stages  of  the  concept  that  may  be  in  existence  at 
a  given  time,  however  imperfect  and  false  such  embryonic  con- 
cept may  be. 
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This  was  automatically  realized  to  the  maximum  by  the  con- 
tinuous necessity  of  reacting  correctly  by  naming  the  new  char- 
acters as  they  appeared. 

ID.  The  concept  {in  the  mind  of  the  subject)  must  never  be 
an  end  in  itself  but  rather  a  means  to  successful  reactions  to 
concrete  experiences. 

This  was  secured  by  occupying  the  subject's  mind  as  complete- 
ly as  possible  with  the  problem  of  perfecting  his  reaction.  Ex- 
cept where  otherwise  stated,  great  care  was  taken  to  avoid  any 
other  motive.  In  the  instructions,  all  suggestions  of  abstraction 
of  common  elements,  generalization  or  definition  were  studiously 
avoided.  Positively  he  was  led  to  believe  that  he  was  about  to  do 
a  kind  of  memory  experiment.  He  was  told  that  he  would  be 
prompted  in  the  middle  of  each  exposure,  that  he  should  repeat 
the  syllable  each  time  when  prompted  and  that  as  soon  as  pos- 
sible he  was  to  react  before  being  prompted.  This  process  was 
continued  with  the  first  "pack"  until  all  the  reactions  were  per- 
fected, which  to  all  intents  and  purposes  really  was  a  memorizing 
experiment.*  At  the  beginning  of  the  second  "pack"  the  subject 
was  told  in  a  matter-of-fact  way  that  the  second  set  would  be 
easier  because  the  same  names  would  be  used  as  with  the  first 
set,  so  there  would  be  no  new  names  to  learn.  Just  before  ex- 
posing the  first  character,  he  was  told  to  see  how  many  of  the 
new  characters  he  could  "guess"  correctly  before  being  prompted. 
This  injunction  to  "guess"  was  given  at  the  beginning  of  each 
succeeding  series. 

II.  A  definite  functional  unit  of  measure  must  be  provided. 

A  thoroughly  convenient  and  adequate  functional  measure  of 
the  perfection  of  a  concept  lies  in  the  extent  of  the  ability  to 
react  successfully  to  new  but  analogous  situations  {12,  Jj).  If 
in  a  given  time  spent  one  method  of  evolving  concepts  gives 
ability  to  react  successfully  to  50  per  cent  of  all  new  situations 
and  another  gives  ability  to  react  to  60  per  cent  of  the  same  or 

2  Introspections  taken  at  the  conclusion  of  the  experiments  indicated  that 
the  greater  part  of  the  time  of  the  subjects  was  always  consumed  in  the 
immediate  task  of  perfecting  the  required  reaction.  The  most  of  them  spent 
a  little  time  however  in  seeking  the  common  element.  A  few  seem  never 
to  have  attempted  it 
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similar  new  situations,  the  second  method  is  obviously  superior  to 
the  first  to  a  definite  intelligible  amount  and  regardless  of  ability 
to  define  or  any  other  subjective  consideration.  Accordingly  only 
the  first  six  "packs"  of  characters  (Plate  I)  were  used  for  the 
purpose  of  evolving  the  concepts.  The  remaining  six  "packs" 
(VII  to  XII)  were  Reserved  exclusively  for  testing  or  measuring 
the  concepts  thus  evolved.  In  making  up  the  test  "packs"  the 
characters  were  rearranged  from  the  order  as  they  appear  in 
Plate  I  in  such  a  way  that  in  a  given  "pack"  or  drum-full,  two  or 
even  three  characters  of  a  given  concept  might  be  present  and  of 
course  not  any  of  certain  others.  This  was  to  prevent  subjects 
from  determining  the  identity  of  characters  by  a  process  of 
elimination.  Three  exposures  were  given  of  each  one  of  these 
test  "packs"  (of  course  without  promptings)  and  the  subjects 
were  encouraged  to  "guess"  at  them  very  freely  if  any  suggestion 
whatever  of  a  possible  identity  came  to  mind.  This  latter  was 
done  so  as  to  get  as  far  as  possible  the  liminal  as  well  as  the 
supraliminal  reactions  and  thus  obtain  a  more  adequate  measure. 
The  three  reactions  to  each  of  the  six  test-chaiacters  of  a  given 
concept  gave  eighteen  measures  for  each  concept  and  a  total  of 
216  measures  for  all  twelve  concepts  with  a  given  subject.  This 
was  our  main  measure. 

In  addition  there  were  three  supplementary  measures  of  somt 
importance.  The  first  and  most  important  of  these  is  based  upon 
exactly  the  same  principle  as  the  main  measure.  At  the  first 
presentation  of  each  succeeding  "pack"  of  the  evolution  series 
(first  six  "packs,"  Plate  I)  there  arises  the  necessity  of  reacting 
to  the  respective  characters  during  the  two-and-one-half  seconds 
before  the  prompting  takes  place.  This  obviously  gives  the  re- 
quired functional  measure  and  at  a  point  of  peculiar  interest  as 
it  takes  place  periodically  throughout  the  entire  evolution  process 
and  enables  us  to  trace  the  progress  of  the  process  from  the  first. 
As  pointed  out  above  the  subjects  were  encouraged  to  react  or 
"guess"  very  freely  especially  during  the  first  time  through  each 
"pack"  even  in  cases  where  they  were  extremely  doubtful. 

The  second  supplementary  measure  came  from  the  evolution 
series  also.    It  was  furnished  by  the  number  of  promptings  which 
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were  required  to  perfect  Ae  reactions  to  each  of  the  first  six 
"packs."  Qearly  the  farther  advanced  the  evolution  of  the  con- 
cepts in  general,  the  fewer  promptings  will  be  required. 

A  third  supplementary  measure  of  the  stage  of  the  evolution 
of  concepts,  though  by  no  means  a  functional  one,  is  obtained  by 
requiring  the  subject  to  define  the  concepts  (by  drawing  them) 
at  the  end  of  the  process.  If  desired  these  definitions  may  be 
called  for  at  any  time  during  the  process  though  that  might 
easily  introduce  a  disturbing  factor.  For  this  reason  it  was  never 
done  except  in  special  experiments  carried  out  for  this  particular 
purpose. 

Certain  defects  appear  in  all  four  of  the  measures  described 
above.  In  the  chief  measure  and  in  the  first  two  supplementary 
measures  the  element  of  chance  introduces  a  slight  error.  Sub- 
jects were  encouraged  to  "guess"  at  doubtful  cases  and  chance 
alone  would  give  on  the  long  run  one  correct  guess  out  of  twelve. 
This  is  but  a  slight  possibility  and  its  influence  is  reduced  to  in- 
significance by  the  fact  that  on  the  average  only  about  10  per 
cent  to  15  per  cent  of  the  reactions  were  chance  in  this  sense. 
But  whatever  influence  actually  resulted  from  this  was  effectually 
eliminated  from  the  results  by  the  fact  that  it  was  equal  for  each 
of  Ae  two  sets  of  concepts  compared. 

In  the  first  and  second  supplementary  methods  a  slight  error 
is  introduced  by  the  fact  that  the  subject  was  sometimes  able  to 
react  successfully  to  a  character  through  a  process  of  elimina- 
tion. This  error  is  slight  however  and  in  the  long  run  may  be 
expected  to  be  equal  for  each  of  the  two  sets  of  concepts,  and 
so  can  hardly  disturb  the  results.  These  two  supplementary 
measures  are  of  distinctly  less  reliability  than  the  main  measure 
because  they  are  based  upon  a  so  much  smaller  number  of  meas- 
ures. And  of  the  two  the  second,  not  being  strictly  functional  in 
nature,  is  of  distinctly  less  value  than  the  first.  The  third  sup- 
idementary  measure,  that  of  definition,  is  rather  qualitative  in 
its  .nature  and  is  not  functional.  It  has  no  unit  of  measure  in 
any  ordinary  sense  though  it  is  possible  to  extract  from  such 
drawings  a  certain  kind  of  quantitative  value  (see  p.  43).  Never- 
theless this  method  may  furnish  important  information  concern- 
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ing  the  evolution  of  concepts,  and  it  might  profitably  be  more 
fully  employed  than  is  the  case  in  the  present  study. 

12.  The  disturbing  influences  of  past  training  and  experiences 
on  the  part  of  the  subjects  must  be  eliminated. 

This  was  effectually  secured  by  the  use  of  the  strictly  un- 
familiar nonsense-material  described  above. 

13.  The  effects  of  individual  differences  as  to  the  rate  of  learn^ 
ing  among  various  subjects,  of  practice,  of  fatigue,  of  ennui,  of 
obscure  physical  or  psychic  indispositions  and  spurts,  and  all  sorts 
of  other  factors  of  a  similar  nature,  which  often  seriously  dis-- 
turb  quantitative  experiments,  must  be  completely  equalised. 

This  was  accomplished  at  a  single  stroke  by  having  the  con- 
cepts of  the  two  methods  to  be  compared,  evolved  by  the  same 
subject  and  simultaneously.  The  advantage  of  this  procedure 
can  scarcely  be  overestimated.  Six  of  the  total  twelve  concepts 
were  accordingly  evolved  by  the  simple-to-complex  method  and 
six  by  the  complex-to-simple  method.  Thus  if  a  subject  is  natur- 
ally slow,  his  native  slowness  appears  equally  in  the  simple-to- 
complex  method  and  in  the  complex-to-simple  method;  and  if  he 
is  slightly  fatigued  or  fresh,  his  fatigue  or  freshness  is  absolutely 
constant  for  both  methods.  The  writer  regards  this  as  the  most 
important  single  feature  of  the  technique  employed. 

14.  The  technique  must  be  so  flexible  that  it  may  be  possible 
to  vary  in  a  definite  way  any  factor  involved  in  the  process  with- 
out disturbing  the  constancy  of  any  of  the  other  factors. 

The  requirement  of  varying  the  direction  of  the  change  of 
complexity  in  the  various  evolution  series  without  disturbing  any 
of  the  other  factors,  presented  difficulties.  These  will  be  con- 
sidered more  in  detail  as  the  various  means  of  avoidance  are  de- 
scribed from  time  to  time.  In  the  main  the  requirement  was 
satisfied  very  simply.  As  previously  pointed  out,  only  the  first 
six  "packs"  were  used  for  the  purpose  of  evolving  the  concepts, 
and  are  therefore  spoken  of  as  the  "evolution"  series  just  as  the 
other  six  "packs"  are  spoken  of  as  the  "test"  series.  Now  a* 
glance  at  the  evolution  series  of  concept  A  (Plate  I)  will  show 
that  in  the  first  character  the  common  element  stands  out  very 
clearly,  it  appears  less  clearly  in  the  second,  still  less  clearly  in 
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the  third  and  fourth  characters  and  least  clearly  of  all  in  the  fifth 
and  particularly  in  the  sixth  character.  In  short  the  characters 
are  arranged  in  the  order  of  increasing  complexity,  difficulty  or 
general  obscurity  of  the  common  element.  This  we  have  called 
"simple-to-complex."  The  same  is  true  of  series,  B,  C,  D,  E, 
and  F,  which  together  make  up  half  of  the  total  twelve  concepts. 
On  the  other  hand  a  similar  examination  of  the  first  six  char- 
acters making  up  the  evolution  series  of  concepts  G  to  L,  the 
other  half  of  the  total  twelve,  will  show  that  they  are  at  first  most 
complex  and  gradually  become  simpler  and  simpler  from  "pack" 
to  "pack"  as  one  moves  from  left  to  right,  being  most  simple 
or  clear  at  the  sixth.  In  short  these  last  six  evolution  series  are 
arranged  in  the  order  of  decreasing  complexity  or  general  ob- 
scurity of  the  common  element.  This  we  have  designated  as 
"complex-to-simple"  order.  From  the  above  it  may  be  seen  that 
in  experiencing  the  evolution  "packs"  in  the  order  I,  II,  III, 
IV,  V,  VI,  series  A  to  F  will  be  evolved  in  the  simple-to-complex 
order  while  series  G  to  L  will  be  evolved  simultaneously  in  the 
complex-to-simi^e  order,  and  the  same  amount  of  time  will  be 
spent  upon  each  of  the  two  groups  of  concepts. 

The  method  of  determining  the  position  of  the  respective  char- 
acters in  the  series  of  increasing  and  decreasing  complexity  was 
based  upon  the  general  impression  of  clearness  or  obscurity  of 
the  common  element  as  judged  by  the  experimenter  after  having 
drawn  them.*  The  twelve  characters  of  a  given  concept  series 
were  carefully  arranged  in  a  row  according  to  increasing  com- 
plexity or  obscurity.  From  this  row  the  first,  third,  fifth,  eighth, 
tenth  and  twelfth  characters  were  taken  and  made  respectively 
the  first,  second,  third,  fourth,  fifth  and  sixth  character  of  the 
evolution  series.  The  rest  were  thrown  by  chance  into  the  test 
scries. 

15.  The  results  must  be  protected  from  any  distortion  which 
might  arise  from  lack  of  equality  in  the  difficulty  of  the  ma- 
terial employed. 

*  This  is  true  of  Experiments  A,  B  and  C.  In  Experiment  D,  the  final  one 
on  this  particular  problem,  the  characters  were  arranged  according  to  ex- 
perimentally determined  functional  difficulty. 
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Differences  in  difficulty  among  the  various  concept-series  were 
■  not  avoided  and  no  particular  effort  was  made  to  do  so.  The 
aggr^ate  or  average  difficulty  of  the  two  groups  of  concepts 
compared  however  was  practically  equal,  as  may  be  seen  by  con- 
sulting Tables  I,  II,  and  III.  This  was  a  natural  result  of  the 
fairly  homogeneous  nature  of  the  material.  But  all  possible  dis- 
turbance of  the  results  by  slight  difference  in  the  difficulty  of  the 
two  sets  of  material  compared,  was  effectually  eliminated  by  hav- 
ing only  half  of  the  subjects  experience  the  "packs"  in  the  order 
of  I  to  VI  as  described  above,  while  the  other  half  experienced 
them  in  the  reverse  order.  In  the  first  case  concepts  A  to  F 
were  simple-to-complex,  while  G  to  L  were  complex-to-simple. 
In  the  second  case  concepts  A  to  F  became  complex-to-simple 
while  concepts  G  to  L  became  simple-to-complex,  thus  completely 
reversing  the  process  in  both  cases.  Consequently  if  in  the  first 
group  of  subjects  concepts  A  to  F  should  give  on  the  tests  a 
score  of  errors  for  the  simple-to-complex  method  slightly  in 
excess  of  what  strict  equality  in  the  difficulty  of  the  groups  should 
show,  when  the  process  is  reversed  and  concepts  A  to  F  have 
become  complex-to-simple,  they  may  be  expected  to  give  the 
same  slight  excess  of  errors  to  that  method  also.  And  when  the 
results  of  all  subjects  are  combined,  these  two  equal  excesses  will 
neutralize  each  other  and  the  final  result  will  be  effectually  pro- 
tected from  disturbance  from  this  source. 

1 6.  Sufficient  concepts  must  be  evolved  and  sufficient  measures 
taken  from  each  to  {largely)  eliminate  chance  variatio^T^ 

This  was  approximately  achieved  by  using  with^iach  subject 
six  concepts  and  io8  measures  on  the  final  tests  for  each  of  the 
two  methods  compared,  besides  the  secondary  measures  which 
furnish  reliable  corroborative  evidence.  In  the  most  of  the  ex- 
periments later  described  ten  subjects  were  used,  giving  a  total 
of  2,160  measures  on  the  tests  above.  In  the  four  experiments 
on  the  economy  of  the  simple-to-complex  method  of  evolving 
concepts  alone  over  8,600  mea3ures  were  taken. 

An  exact  record  was  made  of  every  reaction  of  the  subject  as 
the  experiment  was  performed.  Special  mimeographed  blanks 
were  provided  for  the  purpose.    A  plus  sign  was  recorded  for 
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every  correct  reaction,  a  minus  sign  for  every  failure  to  react 
and  the  nature  of  the  response  was  recorded  in  every  incorrect 
reaction.  These  later  are  of  course  counted  exactly  as  minus 
signs  in  the  final  tables.  An  exceedingly  careful  system  of  key 
letters  and  numbers  was  used  to  prevent  errors  in  prompting, 
scoring,  etc 

Except  where  otherwise  stated  all  the  experiments  throughout 
the  study  were  conducted  in  a  small  research  room  in  the  psycho- 
logical laboratory  of  the  University  of  Wisconsin.  The  room 
had  one  large  window  of  northern  exposure.  The  apparatus  sat 
on  the  top  of  a  sort  of  table  42  inches  high  and  16  inches  wide, 
where  the  light  of  the  window  fell  directly  upon  the  exposed 
characters.  The  latter  were  about  on  a  level  with  the  subjects' 
eyes.  The  experimenter  sat  on  a  high  stool  behind  the  table  and 
at  one  side  of  the  apparatus.  Short  rest-periods  were  permitted 
between  the  various  "packs"  to  avoid  fatigue.  The  experiments 
described  in  the  present  chapter  ordinarily  consumed  about  three 
hours  each.    This  included  the  rest-periods. 

The  subjects  in  the  immediate  experiments  and  in  all  the  ex- 
periments except  where  otherwise  stated  were  university  stu- 
dents. In  most  cases  they  had  little  or  no  training  in  psychology 
and  were  thoroughly  naive.  Ordinarily  they  regarded  the  work 
as  a  kind  of  memory  experiment  and  were  mainly  interested  in 
making  a  good  score.  It  is  safe  to  say  that  not  one  of  the  sub- 
jects used  in  this  form  of  the  experiment  had  the  slightest  sus- 
picion that  the  ultimate  purpose  of  the  experiment  was  to  com- 
pare the  efficiency  of  two  distinct  modes  of  concept  evolution. 
When  informed  of  this  at  the  end  of  the  experiment  they  never 
failed  to  express  more  or  less  astonishment  For  the  above  reas- 
ons no  form  of  suggestion  arising  from  preconceived  theoretical 
considerations  could  enter  to  distort  the  results.  Indeed  the  writer 
regards  such  subjects  as  distinctly  more  valuable  than  trained 
psychologists  for  such  an  experiment  as  the  present  one. 

We  may  now  briefly  summarize  the  salient  features  of  the 
technique  described  a:bove  with  special  reference  to  its  application 
in  Experiment  A:  The  twelve  characters  of  "pack*'  I  are  in- 
serted in  the  twelve  holders  of  the  drum.    The  drum  goes  round 
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and  round  without  interruption  making  successive  exposures  of 
each  character  of  exactly  five  seconds.  The  characters  are  sta- 
tionary while  being  viewed.  The  experimenter  pronounces  the 
concept-name  of  each  character  at  the  middle  of  its  exposure  and 
the  subject  repeats  it  with  care.  After  the  first  revolution  of  the 
drum  the  subject  himself  begins  to  react  to  the  characters  by 
pronouncing  the  name  wherever  possible,  before  being  prompted. 
At  length  every  character  will  be  reacted  to  correctly  at  a  single 
revolution  of  the  drum.  The  characters  are  at  once  removed 
from  the  drum  and  replaced  but  in  a  different  order.  The 
prompting  is  then  resumed  as  before  until  the  subject  has  made 
a  perfect  score  on  each  of  two  successive  revolutions  of  the  drum. 

Then  "packs"  II,  III,  IV,  V,  and  VI  which  comprise  the  evo- 
lution "packs"  are  inserted  and  learned  one  after  the  other.  In 
these  cases  however,  the  "packs"  are  only  learned  in  one  order 
each,  and  to  a  perfect  score  on  two  successive  revolutions  of  the 
drum.    Less  and  less  time  is  required  for  each  succeeding  "pack." 

In  order  to  equalize  any  possible  inequality  of  difficulty  in- 
herent in  concepts  A  to  F  as  compared  with  the  concepts  G  to  L, 
half  of  the  subjects  learned  the  reactions  to  the  "packs"  in  the 
order  of  VI,  V,  IV,  III,  II,  I.  In  this  case  "pack"  VI  was 
learned  in  two  orders  by  these  subjects  just  as  "pack"  I  was  by 
the  first  half  of  the  subjects. 

Lastly  the  six  test  "packs"  are  presented.  They  are  inserted 
on  the  drum  one  after  another  and  merely  given  three  revolutions 
each,  i.e.,  three  exposures  to  each  character.  The  subject  reacts 
wherever  possible,  no  promptings  being  given.  Sometimes  the 
subjects  were  then  asked  to  draw  on  a  specially  prepared  blank 
the  characteristics  which  a  character  must  contain  in  order  to  be 
called  "66,"  "yer,"  "le,"  etc. 

Results 
j  The  results  of  the  tests  show  a  distinct  advantage  for  the 
/  simple-to-complex  method.  They  are  given  in  a  condensed  form 
by  subjects  in  Table  I.  There  it  appears  that  seven  of  the  ten 
subjects  show  a  more  or  less  decided  advantage  for  the  simple- 
to-complex  method.  Out  of  a  possible  io8  errors  in  reacting  to 
the  tests  of  the  simple-to-complex  series,  an  average  of  30.2 
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TABLE  I 
Showing  the   relative   efficiency  of  the   simple-to-complex  method, 
Experiment  A. 
Number  of  failures  to  react  correctly 
on  test  series,  out  of  possible  108.  ^ 

Order  of  Advantage 

experiencing  Simple-to-       Complex-  of  simple- 

Snbject  evolution  "padcs"  complex  to-simple  to-complex 

Eat.  I  to  VI  9  34  -f-25 

S.  B.  «  u  «  27  35  +8 

Mac  u  u  u    ^  ^  ^  _2 

M.  B.  u  u  u  g  ^ 

Mau.  "  "  '*  34  59  +25 

Lie  VI  to  I  14  36  +22 

PatL  "  «  "  25  19  —6 

Wan.  u  u  u  ^  ^ 

Sch.                      ,      a  u  «  ^  ^  _j^ 

Dav.  u  u  u  ^  ^^  _j_jg 

Average    30^  44.1  +13-9 

M,  V 14.1 

S.  D 16:3 

failures  was  made,  as  against  an  average  of  44.1  failures  on  the 
tests  of  the  complex-to-simple  series.  This  gives  an  average  ad- 
vantage of  13.9  points  for  the  simple-to-complex  method.* 

•The  results  are  confirmed  by  both  of  the  first  two  supplement- 
ary methods  of  measurement  described  on  p.  15.  The  results  of 
the  first  supplementary  measiu'e  are  shown  in  Table  II.    There 

TABLE  II 

Showing  the  number  of  failures  to  react  correctly  at  the  first  presentation  of 
Sic  characters  of  evolution  "packs"  by  the  respective  methods. 

Total  number  of  failures  to  react  correctly 
at  first  presentation. 
Order  Simple-to-complex  Complex-to-simple 

of  experi-  ("packs"  given  in  ("packs"  given  in 

Sub-        iendng  chronological  order)  chronological  order) 

jcct  "packs"  I  II  III  IV  V  yi  I  II  III  IV  V  VI 

Eat  I  to  VI  6.0  3.7  3.0  2.0  .2  2.0  6.0  5.0  5-0  3-5  2.8  1.2 

S.  B,  "  "    "  6.0  2X)  1.0  1.0  .5  2.5  6.0  5.5  4.5  35  4-5  35 

Mac  "  "    "  6x>  3.0  4.0  4.0  S-o  4.0  6.0  3.0  sjo  4.0  4.0  2.0 

M.  B.  "  "    "  6.0  5.5  2.5  1.5  IX)  2.0  6.0  5,0  3.8  3-5  2.5  3.0 

Mau.  "   "    "  6.0  3.0  3.0  2,o  3J0  2.0  6.0  5.0  4.0  3.0  3.0  5-0 

Lie.  VI  to  I  6jo  2.0  3.0  2.0  2.0  1.5  6.0  4.0  3.0  4.5  3.0  2.0 

Paa  "  «•    "  6^  5.0  5.0  sjo  5.0  2.0  6.0  6.0  5.0  i.o  3.0  4.0 

Wan,  •«  "    "  6x)  4-5  30  3-5  2.0  i.o  6.0  5.5  5.0  2.0  1.5  .5 

Sch.  "  "    *'  6.0  3.0  4.0  4.0  4.0  2.0  6.0  6.0  6.0  5.0  2.0  3.0 

Dav.  "  "    "  6.0  5.0  3«5  4»o  4*5  3-5  6.0  50  3.0  4-0  2.0  3.5 

Average 6.0    37    3-2    2.9    2,7    2as     6.0    5.0    4A    3A    2.8    2.77 

^A  computation  of  the  "unreliability"  of  this  average  shows  that  there  is 
one  chance  in  about  286  that  there  is  no  advantage  for  this  form  of  the 
simple-to-complex  method.     (Thomdike,  E.  L.,  Mental  and  Social  Measure- 
ments, Chap.  XIII.) 
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appear  in  chronological  order  the  number  of  failures  to  react 
correctly  at  the  first  presentation  of  the  respective  evolution 
"packs,"  for  the  simple^to-complex  and  the  complex-to-simple 
methods  respectively.  Owing  to  the  small  num;ber  of  measures 
taken  on  a  given  "pack"  with  a  single  subject,  there  is  consider- 
able variation  in  the  figures  in  the  body  of  the  table.  The  final 
averages  however  show  a  decided  and  consistent  advantage  for 
the  simple-to-complex  method.  This  appears  very  clearly  in 
Figure  I  where  the  relation  of  the  two  sets  of  averages  is  shown 
graphically.  These  curves  show  not  only  a  distinct  superiority 
for  the  simple-to-complex  method  but  at  what  an  early  stage  in 


/ 


"I^k"  r«Mt«d  to. 


•■■i^M  Siqpl^-to-oonplax. 

Figure  I. — Showing  the  rate  of  improvement  in  ability  to  react  to  new 
situations,  evolution  series,  Experiment  A. 
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the  process  this  superiority  is  established.  Already  at  the  begin- 
ning of  the  second  "pack,"  it  is  greater  than  at  any  other  time  in 
the  process.  Indeed  there  is  a  distinct  tendency  for  the  curves  to 
converge  near  "pack"  VI.  This  however  is  doubtless  due  largely 
to  the  fact  that  the  characters  of  the  upper  (simple-to-complex) 
curve  are  at  their  maximum  difficulty  at  this  point,  thus  tending 
to  increase  faulty  reactions  and  so  to  make  the  curve  fall.  On 
the  other  hand  the  characters  of  the  lower  curve  are  at  their 
minimtmi  of  difficulty  which  tends  to  make  a  minimum  of  faulty 
reactions  and  so  to  elevate  artificially  the  curve  at  this  point. 

The  superiority  of  the  simple-to-complex  method  is  shown 
once  more  by  the  second  supplementary  measure.  The  compara- 
tive results  by  this  method  are  shown  in  Table  III.  Here  appear 
the  total  number  of  promptings  required  at  each  stage  of  its  evo- 
lution for  the  six  concepts  being  evolved  simultaneously  by  the 
respective  methods.  As  in  Table  II  there  is  considerable  varia- 
tion in  the  individual  scores  but  the  final  averages  still  show  a 
distinct  superiority  for  the  simple-to-complex  method.  This  is 
shown  graphically  in  Figure  II.  Thus  by  all  of  the  three  methods 
employed,  the  simple-to-complex  method  of  evolving  concepts  has 
proven  the  better  of  the  two. 

TABLE  III 

Showing  the  number  of  promptings  required  to  perfect  the  reaction  at  each 

succeeding  "pack"  of  the  evolution  series  for  the  two  methods 

compared,  Experiment  A. 

Total  number  of  promptings  required  to  perfect 
reaction  at  each  succeeding  "pack". 


Order 

Simple-to-complex 

Complex-to-simple 

of  experi- 

("packs' 

'  given  m 

("packs" 

'  given  in 

Sub- 

iendng 
"pack^i" 

chronological  ordei 

ii 

chronological 

order) 

ject 

I 

II 

III 

IV 

V 

I 

II    III 

IV 

V      VI 

Fat. 

I  to  VI 

32 

12 

5 

I 

0 

I 

39 

26     12 

4 

3       ' 

S.  B. 

w     u      « 

47 

6 

2 

0 

2 

4 

37 

19     13 

5 

6      4 

Mac 

f<     «       u 

39 

13 

9 

13 

8 

7 

43 

13       9 

13 

9      3 

M.  B. 

U      M        <l 

51 

8 

S 

6 

2 

2 

33 

12     10 

20 

6      4 

Mau. 

tt      (1        tt 

26 

3 

4 

6 

3 

4 

32 

10       7 

6 

4      7 

Lie. 

VI  to  I 

24 

2 

S 

3 

I 

26 

5       5 

S 

I       3 

Pau. 

i<      «       «< 

24 

18 

13 

10 

3 

23 

20     15 

4 

3       5 

Wan. 

«      fl       (( 

23 

10 

II 

7 

4 

0 

28 

26     17 

4 

I       0 

Sch. 

<(     <c       <« 

60 

12 

16 

II 

8 

6 

43 

IS    15 

t 

4      5 

Dav. 

tt     If       u 

37_ 

14 

13 

12 

10 

_7 

44 

24      8 

2      7 

Average  36.3    9.8    8.3    6.9    4-8    3-5      34^17.011.1    78    3-9    3-9 
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Figure  IL — Showing  the  number  of  promptings  required  to  perfect  the 
reaction  at  each  succeeding  "pack,"  evolution  series,  Experiment  A. 

On  page  1 8  it  is  pointed  out  that  it  was  difficult  to  keep  all 
other  factors  equal  while  varying  the  single  one  of  the  direction  of 
change  in  complexity  of  the  material.  In  the  present  experiment 
the  time-element  presented  difficulties  from  this  source.  It  is 
true  that  according  to  the  technique  employed  the  total  time  con- 
sumed by  each  of  the  two  methods  was  bound  to  be  absolutely 
equal.  Despite  this,  an  important  time-relation  remained  grossly 
unequal.  An  examination  of  the  distribution  of  time  among  the 
various  "packs"  (p.  30)  shows  that  about  four  times  as  much 
was  given  to  the  simple  end  of  the  simple-to-complex  evolution 
series  as  to  the  simple  end  of  the  other.  Clearly  this  alone 
might  account  for  the  advantage  obtained  for  the  simple-to-com- 
plex method  in  the  present  experiment  if  it  be  assumed  that  the 
simple  end  of  such  a  series  is  more  efficient  in  the  evolution  of 
f  imctional  concepts  per  unit  time.    That  such  is  actually  the  case 
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is  Strongly  suggested  by  the  fact  that  the  entire  advantage  gained 
by  the  simple-to-complex  method  is  secured  on  the  first  one  or 
two  "packs"  (Figure  I),  where  an  excessive  amount  of  time  is 
spent  upon  the  easy  end  of  those  series. 

Accordingly  three  new  experiments  were  instituted.  One  (Ex- 
periment B)  reduced  the  disproportion  of  time  spent  upon  the 
simple  ends  of  the  respective  series  evolved  by  the  two  methods. 
In  the  other  two  (Experiments  C  and  D)  it  was  equalized  en- 
tirely. 

Experiment  B 

In  this  experiment  the  same  material,  apparatus  and  general 
technique  were  employed  as  in  Experiment  A,  except  that  instead 
of  learning  the  first  (chronological)  "pack"  in  two  orders,  it  was 
here  learned  in  only  one.  All  "packs"  were  learned  as  usual  until 
a  perfect  score  was  made  on  two  successive  revolutions  of  the 
drum.  Thus  the  only  difference  between  the  present  experiment 
and  the  one  just  described  lies  in  reducing  the  time  spent  upon 
the  first  "pack."    Eight  subjects  were  used  in  the  experiment. 

The  results  in  general  confirm  those  found  in  Experiment  A 
though  upon  a  somewhat  reduced  scale.  The  smaller  advantage 
here  shown  for  the  simple-to-complex  method  tends  strongly  to 
confirm  our  suspicions  as  to  its  origin  which  were  expressed 
above.    The  results  are  shown  by  subjects  in  Table  IV.    Six  of 

TABLE  IV 

Showing  the  relative  efficiency  of  the  simple-to-complex  method, 
Experiment  B. 

Nnmber  of  failures  to  react  correctly  on 
test  series,  out  of  possible  108. 
Order  of  Advantage 

experiencing  Simple-to-       Complex-  of  simple- 

Subject  evolution  "padcs"  complex  to-simple  to-complex 

Rig.  I    to    VI  36  38  +2 

Hot  u     u     u  ^  ^  _5 

Wey.  "     "      "  31  18  —13 

Hen.  »    u     a  ^  ^  +,^ 

Cop.  VI  to  I  29  44  +15 

Dum.  ..  «  «  5  ao  +1^ 

Sym.  u  u  a  ^  ^7  +- 

M.  C  u  u  u  ^  7j  +38 

Average   33-2  41.9  +  &7 

M.  V. 11.6 

S.  D 14.56 
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the  eight  subjects  show  a  more  or  less  striking  tendency  to  greater 
efficiency  by  the  simple-to-complex  method.  The  final  averages 
show  a  score  of  33.2  failures  to  react  out  of  a  possible  108  as 
compared  with  41:9  failures  by  the  complex-to-simple  method. 
This  gives  a  net  advantage  of  8.7  points  for  the  simple-to-com- 
plex method'  against  one  of  13.9  by  the  method  of  Experiment 
A  —  a  perceptible  reduction. 

These  results  are  further  confirmed  by  the  two  secondary  meas- 
ures which  show  the  relative  efficiency  of  the  two  processes  from 
the  beginning.     The  increase  in  ability  to  react  to  new  cases 

TABLE  V 

Showing  the  number  of  failures  to  react  correctly  at  the  first  presentation  of 

the  successive  evolution  "packs"  for  the  respective  methods* 

Experiment  B. 

The  number  of  failures  to  react  correctly  at 
first  presentation. 


Order 

Simple-to-complex 

Complex-to-simple 

of  experi- 

("packs"  given  in 

("packs"  given  in 

Sub- 

iencing 
"packs" 

chronological  order) 
II     III   IV     V    VI 

chronological  order) 

ject 

I 

I 

II    III   IV     V      VI 

Rig. 

I  to  VI 

6jo 

3.5    2.5    2.0    2.0    4,0 

6.0 

5.5    6.0    3.0    3.5    3.5 

Bot. 

««     u       t* 

6.0 

5-0    3.0    3.5    3.5    4.0 

6.0 

4.5    SO    2.5    4.5    3.0 

Wey. 

tt      H        f( 

6.0 

2.0    3.0    3^    2.0    2.0 

6.0 

6.0    5.0    4.0    1.0    3.0 

Hen. 

tl    tt      tt 

6.0 

1.0     1.0       JO      .0       .0 

6.0 

6.0    6.0    5.0    5.0    2.0 

Cop. 

VI  to   I 

6.0 

4.0    3.0    35    2.0    2.0 

6.0 

6.0    5-0    4.0    4.0    4.0 

Dum. 

fl      <(        tt 

6.0 

2.5    2.0    2.0    2.0      .0 

6.0 

5.0     3.5     2.5     2J0     IJO 

Sym. 

tt      tl        tt 

6.0 

5.0    3.0    3.0    3.0    4.0 

6.0 

6.0    3.0    4.0    2.0    3.0 

M.  C. 

tt      tt        tt 

6.0 

5.0    3.0    4.0    3.0    4.0 

6.0 

4.0    5-0    5.0    4.0"  5.0 

Average 6.0    35    ^-S    2.6    2.2    2.5       6.0    54    4.8    3.8    3.2    3.1 

throughout  the  evolution  series  is  of  special  significance  and  is 
shown  for  the  two  methods  separately  in  Table  V.  The  final 
averages  of  the  two  series  are  shown  graphically  in  Figure  III. 
While  showing  the  superiority  of  the  simple-to-complex  method, 
it  also  furnishes  additional  confirmation  of  our  suspicion  con- 
cerning its  cause.  The  curves  of  Figure  III,  just  as  in  Figure  I, 
show  that  the  rise  in  the  upper  or  simple-to-complex  curve  takes 
place  almost  entirely  during  the  first  part  of  the  process,  ("packs" 
I,  II  and  III)  which,  it  will  be  remembered,  is  its  easy  end.    On 

*A  computation  of  the  "unreliability'  of  this  average  shows  that  there  is 
one  chance  in  about  22  that  the  "true"  average  would  not  show  an  advantage 
for  the  simple-to-complex  method. 
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FiGUSB  III. — Showing  the  rate  of  improvement  in  ability  to  react  to  new 
situations,  evolution  series,  Experiment  B. 

the  other  hand  the  lower  or  complex-to-simple  curve,  makes  a 
much  greater  comparative  rise  at  "packs"  IV,  V  and  VI  which  is 
also  its  easy  end.  Much  of  this  is  clearly  due  merely  to  the  dif- 
ference in  difficulty  of  the  characters  presented  for  reaction,  but 
not  all.  At  "pack"  IV,  in  spite  of  the  fact  that  the  simple-to- 
complex  characters  are  here  slightly  the  more  difficult  of  the  two, 
the  curve  shows  almost  twice  as  great  an  advantage  for  the 
method  as  was  shown  by  the  tests,  where  the  material  is  equally 
difficult  for  both  methods.  Evidently  from  the  fourth  "pack" 
on,  the  simple  characters  of  the  complex-to-simple  series  have 
proven  more  efficient  in  evolving  functional  concepts  than  the 
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complex  characters  of  the  simple-to-complex  series,  for  they  have 
greatly  reduced  the  advantage  of  the  simple-to-complex  method 
which  was  present  at  the  end  of  the  third  "pack."  Given  more 
time  on  the  last  three  "packs,"  this  advantage  might  be  completely 
eliminated.  Clearly  then,  any  method  which  spends  a  greater 
y  /    proportionate  time  upon  the  simple  or  more  efficient  end  of  the 

/  series,  will  tend  strongly  for  that  reason  alone  to  be  a  more 
efficient  method,  and  vice  versa.  As  already  pointed  out  the 
smaller  advantage  obtained  for  the  simple-to-complex  method  in 
the  present  experiment  accords  with  this  view.  The  average 
number  of  minutes  spent  upon  each  "pack"  in  the  two  experi- 
ments is  as  follows : 


Pack 

I 

II 

III 

IV 

V 

VI 

Experiment  A 

17.9 

9^ 

7.6 

5.8 

S.I 

4.8 

Experiment  B 

17.0 

10.8 

104 

7.6 

7.3 

6.5 

Thus  in  Experiment  A  the  two  "packs"  at  the  simple  end  of  the 
complex-to-simple  series  received  only  33  per  cent  as  much  time 
as  the  corresponding  end  of  the  simple-to-complex  series,  while 
in  Experiment  B  this  inequality  is  reduced  so  that  the  ratio  is 
50  per  cent. 

TABLE  VI 

Showing  the  number  of  promptings  required  to  perfect  the  reaction  at  each 

succeeding  "pack"  of  the  evolution  series  for  the  two  methods 

compared,  Experiment  B. 

Number  of  promptings  required  at  each  succeeding 
"Pack," 


Order 

Simple-to-complex 

Complex-to-simple 

of  experi- 

("packs" 

given  in 

("packs"  given  in 

Sub-        iendng 
ject         "packs" 

chronological  order) 

chronological  order) 

I 

II 

III 

IV     V 

VI 

I      II    III   IV     V      VI 

Rig.        I  to  VI 

97 

31 

13 

7       I 

15 

78     39     2p     12     19     10 

Bot        "  "    " 

40 

24 

13 

14      3 

12 

36  35  16  24  14  9 
40     14     16      8      2      3 

Wcy.      "  *'    " 

1? 

4 

6 

6     13 

4 

Hen.       "  "    *' 

13 

32 

3 

88     25     35     16     27     15 

Cop.     VI  to  I 

46 

27 

IS 

8       5 

3 

55     36     21       9      3     16 

Dum.      "  "    " 

^ 

4 

3 

2      I 

0 

15     10      7       5       3       I 

Sym.       "  "    « 

29 

II 

7      8 

7 

30  19  12  9  3  5 
60     16     10     10      8     12 

M.  C.    "   *'    " 

3S_ 
.  45 

18 
19- 

9 
12.8 

5      4 
6.6    4.7 

5 
6.1 

Average 

50.2  24.2  18.2  1 1.6    9-9    8-9 

The  promptings  throughout  the  evolution  series  are  shown  in 
Table  VI.  The  final  averages  by  the  two  methods  show  a  con- 
sistent advantage  for  the  simple-to-complex  method.  They  ap- 
pear graphically  in  Figure  IV. 
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0^ 


II    I    ttlatfl»»to«eflBpl»« 

Figure  IV. — Showing  the  number  of  promptings  required  to  perfect  the 
reaction  at  each  succeeding  "pack,**  evolution  series,  Experiment  B. 

Experiment  C 

In  setting  up  this  experiment  the  main  object  was  to  equalize 
the  time-elements  as  completely  as  possible  for  the  simple  halves 
of  the  two  groups  of  series  compared.  Obviously  the  only  way 
to  do  this  was  to  give  the  same  number  of  exposures  to  every 
pack  of  the  evolution  series.  After  considerable  deliberation, 
nine  exposures  per  "pack"  were  selected  as  the  number  most 
likely  to  yield  results  comparable  with  the  two  previous  experi- 
ments. It  was  the  average  number  of  exposures  actually  given 
in  Experiment  B. 

In  thus  equalizing  the  time  element,  some  fears  were  enter- 
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tained  lest  a  second  and  equally  disturbing  factor  might  be  in- 
troduced which  would  have  a  somewhat  similar  effect,  viz.  an 
unequal  distribution  of  attention  and  effort.  It  is  of  course  evi- 
dent from  the  number  of  exposures  necessary  to  be  given  to  the 
different  ''packs"  in  Experiment  B  (p.  30)  that  the  average  sub- 
ject will  not  have  perfected  his  learning  of  the  first  two  "packs" 
at  the  ninth  exposure  but  will  have  completed  the  learning  of  the 
last  two  "padcs"  some  time  before  the  ninth  exposure^  Other 
things  equal  it  might  reasonably  be  expected  that  there  would  be 
a  certain  amount  of  dimunition  of  the  attention  in  the  latter 
packs  after  the  reaction  had  been  perfected.  In  order  to  prevent 
this  if  possible,  rest  periods  were  introduced  between  each  of  the 
"packs."  And  when  the  subject  had  perfected  the  learning  be- 
fore the  ninth  exposure  he  was  warned  to  maintain  the  same  de- 
gree of  attention  as  before.  In  this  connection  it  must  be  pointed 
out  also  that  association  bonds  are  by  no  means  at  their  maximum 
strength  when  they  are  just  capable  of  producing  the  reaction  in 
two  and  one-half  seconds.  Considerable  effort  on  the  part  of 
the  subject  is  still  required  to  make  the  correct  response  and  the 
continued  repetitions  show  their  influence  in  the  increased  speed 
of  the  reactions. 

After  all  possible  precautions  have  been  taken  there  still  re- 
mains doubt  upon  this  point.  But  dearly  any  disturbing  effect 
of  this  factor  will  be  favorable  to  the  simple-to-complex  series. 
If  the  results  still  show  a  tendency  to  greater  economy  by  the 
simple-to-complex  method,  the  meaning  will  be  ambiguous,  as  it 
might  be  due  to  either  of  the  two  possible  variable  factors  in- 
volved. But  if  the  advantage  should  disappear  it  would  be  strong 
confirmation  of  our  previous  results  pointing  to  the  greater 
amount  of  time  spent  upon  the  more  efficient  half  of  the  simple- 
to-complex  series  as  the  cause  of  the  greater  efficiency  which  was 
found  for  that  method. 

The  results  of  the  tests  show  this  to  be  the  case.  They  appear 
in  Table  VII.  While  there  is,  as  usual,  considerable  variation 
among  the  individual  subjects,  about  as  many  favor  one  method 
as  the  other.  The  final  average  for  all  subjects  gives  an  almost 
identical  score  for  both  methods.     The  difference  is  only  one 
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TABLE  VII 

Showing  the  relative  efficiency  of  the  simple-to-complex  method. 
Experiment  C. 

Number  of  failures  to  react  correctly 
on  test  series,  out  of  a  possible  108. 
Order  of  Advantage 

experiencing  Sii^ple-to-       Complex-  of  simple- 

Subject  evolution  "padcs"  complex  to-simple  to-complex 

Tay.  I  to  VI  28.5  27.0  —  1.5 

Hag.  "  "  "  70.5  44.5  --a6.o 

Bon.  "  "  "  4fijo  32J0  — I4X> 

Fm.  "  "  '*  11.0  5^  —6.0 

Rd.  "  "  "  79^  86.0  +7^ 

Nor.  VI  to  I  21.0  i&o  —  30 

Old.  u  u  ^  3^^  gg^  ^3^ 

Tor.  "     "     "  37-0  57JO  +20JO 

Eva.  ••     "      **  49.0  32.0  —17/) 

Osm.  "     «      "  79X)  SSJO  +6jo 

Average   45.6  4445  —  ii 

M,  V 12.1 

S.D 14^7 

pointy  and  even  this  is  reversed  and  in  favor  of  the  complex-to- 
simple  method. 

As  in  the  previous  experiments,  the  results  of  the  supplemen- 
tary measures  support  those  of  the  tests.  The  comparative  func- 
tional efficiency  of  the  two  methods  in  reacting  to  new  cases  is 
shown  from  the  banning  of  the  process  in  Table  VIII.  The 
final  averages  of  the  two  methods  are  shown  graphically  in  Fig- 

TABLE  VIII 

Showing  the  number  of  failures  to  react  correctly  at  the  first  presentation  of 

me  successive  evolution  ''packs''  for  the  respective  methods, 

Experiment  C 

The  number  of  failures  to  react  correctly  at 
first  presentation 

Order  ^  Simple-to-complex  Complex-to-simple 

of  cxperi-  ("packs"  given  in  ("packs"  given  in 

Sub-        iendng  chronological  order)                chronological  order) 

ject        "packs^'  I      II     III  IV     V    VI         I  II    III  IV     V     VI 

Tay.       I  to  VI  6x>    ^    2.0    3X)    2.0    4.0  6^  4.5    3.5    2jo    1.0     .5 

Hag.       "  *'    "  6.0    0.0    4.5    4.0    2J0   4-5  6.0  6.0    3.0    4.0    5.0    4.0 

Bor.        **  "    "  6.0    5.0    3.0    4.0    4.0    3.5  6.0  6.0    3.5    4-5    2.5    1.0 

Fin.        ««  "    «  5^0    6x)    5.0    1.0    1.0    2.5  6.0  5.0    3.5    3.0    2.5    1.0 

RcL        "  "    '•  6.0    5,0    4.0    S.O    4.5    3.0  6.0  5.5    4-5    6.0    5.0    2.5 

Nor.     VI  to  I  6.0    6.0    3.5    2.0    2.0     .5  6.0  6.0    5.0    3.0    2J0    2.0 

Old.        "  "    "  6x>   4.5    2.5    4.0    5.0    3.0  6.0  5.0    4.0    4.0    3.0    5.5 

Tor.        «  «    «  ^.o    5.5    3.5    4.0    2.5    3.0  6.0  5.0    4-5    35    2-5    4-0 

Eva.       ••  '•    "  6.0    5.0    4.5    3.0    2.0    2.5  6.0  4.5    4.5    3.0    2.0    3.0 

Osm.      «  «    «  6x)    5.5    6x)    3.5    6.0    5.5  6.0  5.5    5.5    4.5    SJO    5-5 

Average    6.0    5.253.853.353.1    3.2       6.0    5-3    4-15  375  3.05  2^ 
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1 — 3 


Figure  V.— Showing  the  rate  of  improvement,  in  ability  to  react  to  new 
situations,  evolution  series,  Experiment  C. 

ure  V.  The  two  curves  follow  an  almost  identical  course.  But 
the  differences,  small  as  they  are  become  significant  when  taken 
in  connection  with  the  corresponding  processes  of  Experiments 
A  and  B.  (Figures  I  and  III.)  Here  we  find  again  that  the 
simple-to-complex  method  rises  more  rapidly  at  first.  At  "pack" 
IV  it  attains  its  greatest  advantage  in  spite  of  the  fact  that  its 
characters  are  the  more  difficult  of  the  two  at  this  point.  But 
the  remainder  of  the  curve  shows  that  this  advantage  is  entirely 
lost  during  the  second  half  of  the  evolutionary  process  as  was 
anticipated  above.  No  advantage  appears  by  the  simple-to-com- 
plex method  as  such. 
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Experiment  D 
Owing  to  the  importance  of  the  question  under  investigation, 
it  was  thought  desirable  to  repeat  Experiment  C  under  more 
rigid  conditions.  It  will  be  recalled  that  the  characters  of  the 
evolution  series  in  the  previous  experiments  were  arranged  ac- 
cording to  the  complexity  or  general  obscurity  of  the  common 
elements  as  determined  by  the  subjective  impression  of  the  ex- 
perimenter. In  the  present  experiment  the  criterion  of  arrange- 
ment was  the  actual  functional  diflficulty  of  the  individual  char- 
acters. This  was  readily  determined  for  the  characters  of  the 
original  test  series  by  computing  the  aggregate  number  of  fail- 
ures to  react  correctly  for  each  character  as  shown  by  the  test 
records  of  25  subjects.  The  characters  of  the  orig^al  test  series 
were  accordingly  converted  into  a  new  evolution  series  while  the 
old  evolution  series  became  a  new  test  series.  This  criterion  has 
the  distinct  additional  advantage  that  it  shows  relatively  how 
great  the  increase  or  decrease  of  complexity  or  difficulty  is,  which 
we  are  dealing  with.  The  average  increase  in  percent  of  failures 
for  the  entire  group  is  approximately  5  per  cent  from  step  to 
step  and  fairly  uniform : 

2o.s%,      2S.6%,      29.7%,      34.3%,      41.8%,      54.7% 
TABLE  IX 

Showing  the  relative  efficiency  of  the  simple-to-complex  method. 
Experiment  D. 

Number  of  failures  to  react  correctly 
on  test  series,  out  of  possible  108. 
Order  of  Advantage 

experiencing  Simple-to-       Complex-  of  simple- 

Subject  evolution  ''packs"  complex  to-simple  to-complex 

Joh.  I  to  VI  65  44  —21 

And.  "  "  "  10  22  4-12 

Woo.  "  "  "  65  57  —8 

Mur.  "  "  "  61  72  +11 

E.  H.  "  "  "  46  68  4-22 

Sch.  "  "  "  23  17  —6 

Hem.  VI  to  I  55  37  —18 

Adl.  "  "  "  39  63  +24 

Cra.  "  "  "  11  33  +22 

Pet.  "  "  "  79  71  —8 

M.  H.  «  a  «  7Q  ^  _  ^ 

Tig.  a  ..  «  45^  44^  -I 

Average   474  49-5  +  2.08 

M.  V 13^ 

S.  D 15.0 
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And  while  an  inspection  of  the  characters  according  to  the  new 
arrangement  makes  it  possible  that  we  have  here  a  factor  slightly 
different  from  that  aimed  at  in  the  previous  experiments,  it  is  also 
probable  that  we  are  dealing  with  a  distinctly  more  f  midamental 
and  significant  type  of  complexity. 

The  results  of  the  experiment  confirm  in  every  detail  those  al- 
ready obtained.  When  the  same  amount  of  time  is  spent  on  each 
member  of  the  evolution  series,  there  is  no  advantage  in  favor  of 
proceeding  from  the  simjrfe  to  the  complex.    Of  the  twelve  sub- 

TABLE  X 

Showing  the  number  of  failures  to  react  correctly  at  the  first  presentation  of 
the  successive  evolution  "packs"  for  the  respective  methods. 

Experiment  D. 
The  number  of  failures  to  react  correctly  at 
first  presentation. 
Order  Simple-to-complex  Complex-to-simple 

of  experi-  ("packs"  given  in  (**packs"  given  in 

Sub-        iendng  chronological  order)  du-onological  order) 

ject        "packs*'         I      II     III  IV     V    VI         I     II    III  IV     V     VI 

Joh.   I  to  VI  655545  656443 

And.   """  600013  662211 

Woo.   """  666534  64453^ 

Mur.   """  666444  665432 

E.H.  """  665536  666523 

Sch.   "«"  62021   I  644200 

Hem.  VI  to  I  643436  606343 

Adl.   "  "  ''  665443  655643 

Cra."""  644323  645443 

Pet    "  "  "  645456  655544 

M.  H.  "  '*  "  654654  666534 

Tig.    "  "  "  654333  665332 


Average 6x>   44   3.9    3.7    3.2    4.0       6x>    5.3    4.9   4.0    2^   2.5 

jects,  seven  show  an  advantage  for  the  complex-to-simple  method 
while  an  average  of  all  gives  a  n^ligible  advantage  of  2.09  in 
favor  of  the  simple-to-complex  method  with  a  mean  variation  of 
13.4.  The  score  is  shown  by  subjects  in  Table  IX.  The  course 
of  the  successes  by  the  two  methods  as  shown  by  the  initial  re- 
action to  the  characters  of  the  evolution  series  is  given  in  Table 
X.  The  averages  of  the  two  methods  are  plotted  in  Figure  VI. 
The  characteristic  features  of  the  corresponding  curves  of  Figure 
V  are  here  repeated  in  detail  though  on  a  greatly  increased  scale.' 

•This  probably  reflects  the  greater  psychological  potency  of  the  present 
method  of  arranging  the  characters. 
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0. 


FiGUSE  VI.— Showing  the  rate  of  improvement  in  ability  to  react  to  new 
sitnations,  evohition  series,  Experiment  D. 

As  there,  the  simple-to-complex  method  shows  a  distinctly  better 
score  on  "packs"  II,  III  and  IV,  the  curves  cross  between  "packs'* 
IV  and  V,  and  the  complex-to-simple  method  shows  a  better 
score  on  "padcs"  V  and  VI,  only  to  come  together  on  the  test, 
which  was  the  only  place  in  the  series  where  the  material  reacted 
to  was  of  the  same  diflficulty  for  both  methods.  As  pointed  out 
in  previous  experiments  the  advantage  shown  for  the  respective 
methods  in  the  various  "packs"  was  largely  due  to  the  actual  dif- 
ference of  difficulty  in  the  characters  reacted  to  in  each  case. 
But  if  this  factor  alone  were  operating  the  curves  should  have 
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crossed  between  "packs"  III  and  IV  instead  of  later.    At  "pack'* 

IV  we  know  that  the  simple-to-complex  characters  are  about  5 

per  cent  more  difficult  than  the'  comidex-to-simple.    This  acting 

alone  would  have  reversed  almost  exactly  the  positions  of  the 

two  curves.    The  fact  that  they  were  not  reversed  shows  dearly 

that  the  simple  characters  of  the  simple-to-comi^ex  method  have 

been  distinctly  more  efficient  than  the  com|dex  characters  of  the 

complex-to-simple  method  up  to  that  point  i.e.  dtuing  the  first 

three  "packs."    That  this  advantage  was  absent  at  the  end  of  the 

evolutionary  process  as  evidenced  by  the  tests,  shows  with  equal 

clearness  that  the  simple  characters  at  the  end  of  the  complex-to- 

(1 1      simple  series  worked  with  equal  efficiency  when  their  chance  ar- 

^     jl  i|     rived,  and  that  the  order  of  arrangement  as  such  probably  has 

V       no  influence  upon  the  efficiency  of  the  process  whatever. 

P^  Summary  and  Conclusions 

The  results  of  Experiments  A,  B,  C  and  D  may  be  briefly 
formulated  as  follows : 

v/  I.  In  the  evolution  of  functional  concepts  simple  experiences 
are  more  efficient  than  complex  ones.  This  appears  to  be  true 
regarSTcss'or whether  the^simple  experiences  take  ^stce  at  the 
beginning  or  end'drtKe  j^ocess  of  evojution. 

2,  Concrete  experiences  in  the  simple-toH:omplex  order  ap- 
pear tg^jio^more  efficient  in  the  evolution  of  functional  con- 
cepts than  when  in  the  complex-to-simple  orde/ii  inequalities  of 
the  time-factor  are  excluded. 

3. '  But  if  each  individual  experience  in  the  evolution  series  is 
continued  until  the  reaction  to  it  is  just  perfected  before  passing 
to  the  next,  there  is  a  distinct  advantage  in  favor  of  the  simple- 
to-complex  method.J  This  is  due  to  the  fact  that  imder  this 
method  a  greater  amount  of  time  is  spent  upon  the  simple  or 
efficient  end  of  the  simple-to^omplex  series  than  upon  the  cor- 
X  responding  end  of  the  complex-to-simple  series.  It  seems  not 
improbable  that  whatever  belief  may  exist  as  to  the  greater  econ* 
omy  of  the  simple*to<omplex  order  may  have  arisen  from  the 
natural  tendency  to  spend  a  disproportionate  amount  of  time 
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Upon  the  first  cases  in  the  series  just  as  was  done  in  Experiments 
A  and  B.  Thus  understood  there  is  a  real  economy  by  this  pro- 
cediu-e. 

Caution  must  be  exercised  in  applying  results  such  as  the  above 
to  the  conditions  of  instruction,  for  example,  and  that  for  a 
number  of  reasons.  In  the  first  place,  as  pointed  out  above  (p. 
5),  there  are  very  considerable  differences  between  the  conditions  j 
of  the  present  experiment  and  those  usually  f otmd  in  formal  in- 
struction. Under  such  different  conditions,  especially  in  respect 
to  the  immediately  successive  experiencing  of  the  cases  of  a  given 
concept-series  and  the  general  lack  of  the  fimctional  reaction 
throughout  the  series,  the  relations  found  above  to  obtain  between 
the  two  might  be  considerably  altered. 

A  general  criticism  and  evaluation  of  the  method  employed  in 
the  above  experiments  may  be  made  at  this  point  The  great 
weakness  as  well  as  strength  of  the  present  method  lies  in  its 
abstractness,  particularly  in  the  ,use  of  nonsense-material.  Ob- 
viously, results  from  such  material  must  be  verified  and  checked 
up  by  further  experiments  with  the  more  complex  material  of 
every  day  life.  Even  there  an  economy  might  conceivably  hold 
for  one  kind  of  material  and  not  for  another,  such  is  the  specific 
nature  of  psychological  functions.  An  example  in  point  is  seen 
in  Ebbinghaus'  "law  of  forgetting."  It  was  found  to  hold 
though  upon  a  reduced  scale,  for  many  kinds  of  "intellectual" 
material  but  probably  not  at  all  for  thoroughly  learned  muscular 
habits  (15,  II,  309  ff). 

On  the  other  hand  the  advantages  of  the  method  are  very 
great.  This  is  particularly  true  of  a  study  which  is  attempting 
to  make  a  preliminary  exploration  in  a  little  known  field  such  as 
the  present  The  advantage  consists  largely  in  extreme  simplic- 
ity, uniformity,  flexibility  and  general  controlability  of  the  ma- 
terial employed.  Here  again  the  classical  work  of  Ebbinghaus 
on  memory  may  be  profitably  considered.  Perhaps  it  is  not  tog 
much  to  say  that  owing  largdy  to  the  abstract  nature  of  his 
method  and  particularly  to  the  extreme  managability  of  his  ma- 
terial, he  made  as  great  a  contribution  to  our  knowledge  of  the 
quantitative  aspects  of  memory  in  two  or  three  years  as  has  re- 
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Stilted  from  all  the  enormous  amount  of  woric  done  on  memoiy 
since  that  time.  The  work  done  since  was  of  course  just  as  nec- 
essary as  his.  The  point  is  thal^by  the  use  of  abstract  experi- 
ments there  is  an  enormous  economy  of  time  and  energy  in  reach- 
ing preliminary  conclusions  as  to  where  the  truth  may  probably 
be  found  in  the  complex  material  of  everyday  life)  In  short  it 
sets  the  problem  for  the  concrete  experiment  and  has  limited  prac- 
tical value  imtil  verified  by  the  latter.  But  here  again  the  his- 
tory of  memory  experimentation  may  be  encouraging,  for  hardly 
one  of  the  principles  worked  out  by  Ebbinghaus  has  failed  to  find 
its  counterpart  in  the  complex  material  of  every  day  life,  though 
often  with  limitations.  This  suggests  that  even  with  the  limita- 
tions mentioned  above,  a  certain  amount  of  presumption  arises 
that  the  tendencies  found  in  the  present  experiments  may  prove 
true  even  of  so  artificial  a  process  as  formal  instruction. 
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THE  EFFICIENCY  OF  RECEIVING  CONCEPTS  WITH- 
OUT THE  LABOR  OF  GENERALIZING 
ABSTRACTION 

Experiment  E 

A  second  theory  of  essentially  quantitative  implications  has 
long  been  held  concerning  the  evolution  of  functional  concepts. 
-^This  theory  is  that  to  have  functional  value,  concepts  mu^t  be 
evolved  from  the  concrete  by  each  individual  for  himself  (6^ 
229).  Practice  has  on  the  other  hand  very  often  (though  apolo- 
getically) striven  to  give  the  concept  to  the  individual  outright 
But  while  theory  asserts  stoutly  the  greater  functional  efficiency 
of  concepts  evolved  by  the  individual  himself  as  compared  with 
those  given  to  him  outright,  it  has  not  been  determined  how  much 
greater  is  the  efficiency,  much  less  how  it  would  vary  (if  at  all) 
with  different  amounts  of  time  available  for  the  process.  Here 
then  we  find  our  problem :  Is  it  more  or  less  efficient  to  spend  a 
given  amount  of  time  in  perfecting  the  reaction  to  an  abstract 
characteristic  never  seen  in  its  concrete  setting,  or  to  spend  the 
same  amount  of  time  perfecting  reactions  to  a  series  of  concrete 
situations  with  the  incidental  amount  of  generalizing  abstraction? 
The  main  features  of  the  method  utilized  are  the  same  as  those 
employed  in  the  experiments  just  described,  in  particular  Experi- 
ment B.  It  differed  from  Experiment  B  in  having  half  of  the 
characters  of  the  evolution  series  replaced  by  their  respective 
common  elements.  That  is  to  say,  the  characters  comprising  the 
six  members  of  each  of  the  evolution  series  G  to  L  say,  would  be 
replaced  in  every  case  by  the  common  element  shown  in  the  first 
vertical  column  headed  "concept"  (Plate  I).  The  other  half  of 
the  evolution  series  (A  to  F)  remain  exactiy  as  before  in  the 
simple-to-complex  order.  Thus  in  learning  the  evolution  "packs" 
in  the  order  I  to  VI,  there  would  be  a  simultaneous  comparison 
of    (i)    evolving  concepts   by   the   simple-to-complex   method 
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TABLE  XI 

Showing  the  relative  efficiency  on  the  tests  of  the  two  methods  of  evolution 
being  compared,  Experiment  E. 

Number  of  failures  to  react  correctly  on 
the  tests  out  of  a  possible  108. 

Advantage  of 
Concept  given  Concept  given     Simple-to-       giving  con- 

Subject  outright  in:  outright  complex         cept  outright 

Smi.  Series  A  to  F  58  71  +I3 

Dec  "       '•  "  "  39  61  +22 

San.  "       "  "  "  55  47  —  8 

Cod.  "       "  "  "  26  53+27 

Kiv.  "       "  "   "  45  26  —19 

Onuu  Scries  G  to  L  54  55  +  i 

Hjo.  "      "  "  "  65  71  +6 

Col.  "      *'  "  "  70  46  -^ 

Clo.  "      "  "  "  87  87  o 

Sta.  "      "  "  "  37  45  +8 

Average    53-6  56^  +  2.6 

M.  V 12^ 

S.  D 15.13 

(Series  A  to  F)  with  (2)  receiving  concepts  in  the  abstract  apart 
from  their  concrete  setting  (Series  G  to  L).  As  in  the  previous 
experiments  the  necessity  of  equalizing  any  differences  in  diffi- 
culty which  might  be  inherent  in  the  two  groups  of  concepts  com- 
pared made  it  necessary  to  reverse  the  process  with  half  of  the 
subjects.  In  this  case  the  naked  common  elements  were  given  in 
Series  A  to  F  and  the  simple-to-complex  method  in  Series  G  to  L. 
Otherwise  the  experiment  was  exactly  as  in  Experiment  B,  each 
"pack"  being  learned  to  a  perfect  score  on  two  successive  revo- 
lutions of  the  drum. 

^en  subjects  were  used  in  the  experiment    They  were  uni- 
versity students  from  a  class  in  introductory  psychology. 

Contrary  to  the  expectation  of  the  experimenter,  there  was  no 
advantage  for  either  of  the  two  methods  compared.  The  results 
of  the  tests  are  shown  in  Table  XI.  As  usual  the  variation  among 
the  individual  subjects  is  considerable  but  about  as  many  favor 
one  method  as  the  other.  The  final  averages  are  almost  equal, 
there  being  a  difference  of  only  2.6  points.  This  however  is  in 
favor  of  the  method  of  giving  the  concepts  outright  But  in  view 
of  a  S.D.  nearly  five  times  as  great,  this  has  slight  significance. 

From  the  nature  of  the  evolution  series  in  this  experiment  no 
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supplementary  measure  was  obtained  from  this  source.  However, 
at  the  conclusion  of  the  respective  experiments,  five  of  the  sub- 
jects (two  of  the  first  group  and  three  of  the  second)  were  asked 
to  draw  on  a  specially  prepared  blank  their  idea  of  what  a  char- 
acter must  contain  to  be  called  by  the  various  names  such  as  "00," 
"yer,"  "le,"  etc.  Even  to  casual  inspection,  these  drawings  show 
a  very  striking  superiority  for  the  concepts  which  were  given  out- 
right. In  order  to  get  a  quantitative  determination  of  the  •ex- 
tent of  this  superiority,  four  persons  of  considerable  psychological 
training  compared  each  drawing  with  the  corresponding  one  in 
the  first  column  of  figures  of  Plate  I  and  then  scored  the  draw- 
ings on  a  scale  of  ten.    The  scoring  was  done  without  knowledge 

TABLE  XII 

Showing  the  relative  ability  to  define  by  the  two  methods  of  acquiring  con- 
cepts, Experiment  E. 

Relative  functional         Relative  efficiency 
efficiency  _    in  definition 

Concept        Simple- 
Sub-  Concept  given  given  to- 
ject                  outright  in:             outright      complex 

Dio.  Series  A  to  F  64%  43% 

Cod.  ''       "  "  "  76%  51% 

Oma.  Series  G  to  L  50%  49% 

Hjo.  "       "  "   "  40%  34% 

CoL  "       "  "   "  35%  57% 


Concept 

Simple- 

given 

to- 

outright 

complex 

55% 

38% 

89% 

77% 

68% 

32% 

73% 

18% 

71% 

27% 

Average   53^%  46.8%  71.2%  384% 

of  the  method  used  to  produce  the  individual  drawings.  The 
average  score  of  the  respective  groups  of  concepts  as  tlius  de- 
termined is  shown  by  subjects  in  Table  XII.  The  final  averages 
show  that  where  the  concepts  are  given  outright,  the  defining 
ability  is  much  greater  in  proportion  to  functional  ability  than 
where  they  are  abstracted  by  the  subject.  Where  the  concepts  are 
evolved  by  the  subject  himself,  the  percentage  of  efficiency  in 
definition  is  eight  points  less  than  the  functional  efficiency  by 
the  same  process,  while  by  the  abstractly  given  concepts  the  per 
cent  of  efficiency  in  definition  is  eighteen  points  more  than  the 
functional  efficiency  attained  by  the  same  method.  The  score  on 
the  "definitions'*  by  the  "given"  method,  is  nearly  thirty  points 
higher  than  its  functional  efficiency  would  require  by  the  method 
of  actual  evolution  by  the  subject. 
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The  results  of  the  experiment  may  be  briefly  summarizai'as 
follows :  Where  the  evolutionary  process  has  reached  an  average 
efficiency  of  approximately  50  per  cent, 

1.  Concepts  g^ven  outright  show  a  functional  efficiency  equal 
to  concepts  evolved  by  the  subject  himself  from  concrete  cases 
in  the  simple-to-complex  order. 

2.  The  ability  to  define  the  concept  by  drawing  is  about  twice 
|/      as  great  where  the  concepts are^veaijutright^as  where  they  are 

evolved  from  the  concrete  by  the  subjects  themselves. 

3.  From  (i)  and  (2)  follows  the  corrollary  that  ability  to 
define  is  not  necessarily  a  true  index  of  the  functional  value  of  a 
concept  {17,  141  ff). 

It  must  be  noted  that  the  above  experiment  covers  only  one  of 
three  or  four  possible  cases  of  the  present  problem.  It  may  be 
that  very  early  in  the  process,  say  at  a  point  where  only  about  20 
or  25  per  cent  of  efficiency  is  attained,  the  advantage  would  be 
distinctly  with  the  "given"  concepts  that  at  an  efficiency  of  around 
50  per  cent  (the  present  case)  there  would  be  no  consistent  ad- 
vantage for  either  method;  and  that  at  a  normal  efficiency  of 
about  90  per  cent  the  advantage  will  pass  over  decidedly  to  the 
simple-tocomplex  method.^ 

There  is  a  further  limitation  upon  the  generality  of  the  above 
results  even  for  the  region  of  a  50  per  cent  development  of  the 
process.  Above  we  have  likened  the  giving  of  the  concepts  in  the 
present  experiment  to  the  process  of  formal  instruction  by  defi- 
nition, which  educational  reformers  have  inveighed  agaiiist  so 
much.  In  reality  the  present  method  probably  suffers  from  only 
one  of  the  two  evils  with  which  instruction  by  definition  is 
afflicted.  One  is  its  abstractness  and  the  other  is  that  the  verbal 
nature  of  definitions  brings  it  about  that  even  the  abstract  mean- 
ing of  the  definition  is  imperfectly  comprehended.  In  thd  pres- 
ent experiment  only  the  abstractness  was  involved,  for  presum- 
ably the  abstract  element  itself  was  immediately  and  completely 
experienced. 

1  Since  this  was  written,  additional  experiments  along  the  lines  here  in- 
dicated, show  that  some  at  least  if  not  all  of  the  above  conjectures  will  be 
realized.  The  writer  hopes,  to  complete  these  experiments  and  publish  the 
results  as  a  separate  study  in  the  near  future. 
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THE  EFFICIENCY  OF  EVOLVING  CONCEPTS  BY  A 

COMBINED  METHOD  OF  ABSTRACT  PRESENTA- 

TION  AND  CONCRETE  EXAMPLES 

Experiment  F 

In  the  last  chapter  we  found  reason  to  suspect  that  mereab- 
sfa-act  information  is  of  rather  dotubtful-eflEicieacy  in  coping  with 
new  situations  in  the  later  stages  of  the  process  of  generalizing 
al>straiSion."Where  the  process  has  been  approximately  half  com- 
pleted^ its  efficiency  is  about  the  same  as  by  the  simple-to-complex 
method.  The  problem  accordingly  arises :  May  not  a  combina-  \ 
tion  of  the  two  methods  be  more  efficient  than  either  alone  P'^ 
Specifically,  is  it  more  or  less  efficient  to  evolve  f imctional  con- 
cepts by  first  receiving  the  abstract  characteristic  and  then  a 
concrete  case,  or  to  have  the  subject  evolve  it  entirely  for  him- 
self by  the  simple-to-complex  method? 

The  method  of  attacking  the  problem  was  very  similar  to  that 
employed  in  Experiment  E.  Two  changes  were  made  to  adapt 
it  to  the  present  problem :  In  the  first  place  all  the  characters  of 
evolution  series  G  to  L  were  reversed  so  that  they  stood  nor- 
mally in  the  simple-to-complex  order  in  exactly  the  same  sense  as 
series  A  to  F  (Plate  I) .  After  being  reversed  the  characters  fall- 
ing in  "packs"  I,  III  and  V  were  replaced  by  the  naked  common 
elements  used  in  Experiment  E.  Otherwise  the  learning  was 
exactly  as  usual,  to  a  perfect  score  on  two  successive  revolutions 
of  the  drum.  In  this  way  series  A  to  F  would  be  experienced  in 
the  ordinary  simple-to-complex  order.  But  series  G  to  L  would 
be  experienced  as :  first  the  "concept"  given  abstractly,  second  an 
example,  third  the  "concept"  given  abstractly  again,  fourth  an- 
other example,  fifth  the  "concept"  given  abstractly  once  more 
and  lastly  another  example.  Thus  series  G  to  L  was  evolved 
from  an  alternation  of  abstract  presentation  and  example,  the 
examples  being  in  the  simple-to-complex  order.     As  usual  in 
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TABLE  XIII 

Showing  the  functional  efficiency  of  combining  abstract  presentation  with 
the  giving  of  concrete  experiences,  Experiment  F. 

Number  of  failures  to  react  correctly  in 
the  test  out  of  a  possible  io& 

Advantage  of 
Sub-  G>mbination  Combination      Simple-to-       combination 

ject  method  in:  method  complex  method 

Wat,  Series  A  to  F  38  45  +7 

Fee.  "       "  "   "  27  57  +30 

Bee.  "       "  "   "  19  28  +9 

Gor.  **       u    u    a  ^  ^  ^^j 

Cro.  "       "  "  "  I  14  +13 

Out.  Series  G  to  L  15  38  +23 

Jac  "      "  "   "  15  28  +13 

Sla.  «       I*   a   «  ^  ^  _^ 

Sur.  "       "  "  "  28  61  +33 

Whi.  "      "  "  "  21  41  +ao 

Average 24.5  41.8  +17-3 

M.V 10.1 

S.D 11.8 

order  to  avoid  error  from  possible  difference  in  difficulty  between 
the  two  groups  of  concepts,  the  process  was  reversed  with  half 
of  the  subjects  in  which  case  series  A  to  F  were  alternate  ab- 
stract presentation  and  example,  while  series  G  to  L  were  simple- 
to-complex. 

The  tests  revealed  a  decided  advantage  for  thej:ombiiiatifin 
method  over  the  simple-to-cqQ4Jfi^Lxri£thod.  The  results  of  the 
tests  are  shown  in  Table  XIII.    All  but  one^subject  gave  a  distinct 

TABLE  XIV 

Showing  the  number  of  failures  to  react  correctly  at  the  first  presentation  of 
the  successive  evolution  "packs,"  Experiment  F. 

The  number  of  failures  to  react  correctly  at 
first  presentation. 
G)mbination  Simple- 

Sub-       method  in  Combination  method  ,        to-complex  method 

ject  Series:         I       II      III     IV     V     VI      I      II  III  IV    V    VI 

Wat  A  to  F  (6)  5  (3)  2  (i)  s  664445 

Fee.  "  "  "  (6)  6  (o)  3  (I)  6  662344 

Bee.  "  "  "  (6)  S  (3)  3  (o)  3  643441 

Gor.  "  "  "  (6)  I  (i)  I  (o)  4  6  6   6   I   3   5 

Cro.  "  "  "  (6)  3  (o)  o  (o)  4  632212 

Out.  G  to  L  (6)  5  (i)  3  (o)  5  642302 

Jac.  "  "  "  (6)  4  (o)  3  (I)  2  6332 

ShL  "  "   "  (6)  4  (3)  3  (2)  4  6   5   6  4 

Sur.  '*  "  "  (6)  5  (2)  2  (o)  4  665414 

Whi.  "   "  "  (6)  6  (2)  5  (i)  2  664341 

Average  (6x>)   4.4   (1.5)   2.5    (  .6)   3.9    6.0  4.9  37  3.0  2.4  2.9 
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advantage  for  the  combination  method.  The  final  averages  show 
that  the  combination  method  gave  only  24.5  failures  to  react  suc- 
cessfully out  of  a  possible  108,  while  the  simple-to-complex 
method  gave  a  score  of  41.8  failures  to  react  successfully.  This 
gives  an  advantage  to  the  combination  method  of  17.3  points.^ 

Fortimately  also  we  can  get  some,  though  imperfect,  indica- 
tions as  to  the  relative  functional  eflficiency  of  the  two  methods 
from  the  beginning  of  the  process.  This  is  yielded  as  usual  by 
the  ability  to  react  to  the  new  cases  at  the  first  presentation  of 
each  "pack"  of  the  evolution  series.  The  result  is  shown  in 
Table  XIV.  In  the  combination  method,  only  "packs"  II,  IV 
and  VI  have  any  significance  as  to  the  progress  of  the  conceiving 
process,  for  they  alone  are  new  cases.  Such  of  the  final  aver- 
ages as  are  significant,  are  shown  graphically  in  Figure  VII, 
where  it  is  seen  that  the  advantage  of  the  combination  method 
appears  immediately  and  probably  increases  throughout  the  pro- 
cess. An  apparent  exception  is  seen  in  "pack"  VI.  There  the 
errors  by  the  combination  method  suddenly  increase  greatly  and 
considerably  exceed  those  by  the  simple-to-complex  method, 
which  itself  has  increased  a  certain  amount  normal  to  this  "pack". 
Immediately  afterward  on  the  tests,  the  advantage  is  restored  to 
the  combination  method.  An  inspection  of  the  data  in  Table 
XIV  shows  that  the  tendency  for  the  larger  score  on  the  sixth 
"pack"  by  the  combination  method  was  shared  by  the  majority 
of  the  subjects.  It  is  possible  that  this  particular  method  of 
evolving  concepts  may  be  especially  weak  at  this  stage  of  its 
progress,  when  it  comes  to  functioning  on  unusually  difficult 
novel  situations.  In  this  connection  it  may  be  well  to  recall  that 
owing  to  the  technique  employed  (p.  19)  it  is  impossible  that  the 
difference  noted  should  be  caused  either  by  diflferences  in  diffi- 
culty of  the  material  or  by  individual  differences  of  the  subjects 
in  rate  of  learning. 

The  results  of  the  experiment  may  be  formulated  as  follows : 
I.  A  combination  of  abstract jw-esentations  and  concrete  ex- 

^  A  computation  of  the  "unreliability"  of  this  average  shows  that  there  arc 
only  about  twelve  chances  in  ten  million  that  the  "true"  average  would  not 
show  an  advantage  for  the  combination  method. 
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FiGUBE  VII.— Showing  the  origin  of  the  advani 
the  simple-to-complex  method,  evolution  series, 


of  the  combination  over 
iment  F. 


amples  is  upon  the  whole  distinctly  more  efficient  in  evolving 
functional  concepts  than  either  method  alone. 

2.  The  advantage  of  the  combination  method  appears  at  the 
beginning  of  the  process^and  probably,  continues  to.  increase  aTa 
fairly  uniform  rate  through  the  first  two-thirds  of  the  process, 
as  far  as  it  was  carried  in  the  present  experiment. 

3.  It  may  be  that  at  certain  stages  of  perfection,-  concepts 
evolved  by  the  combination  method  are  less  efficient  in  coping 
with  new  situations  of  exceptional  difficulty  than  when  evolved 
by  the  simple-to-cbmplex  method. 
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The  above  experiment  has  considered  only  one  of  an  important 
group  of  problems :  Is  it  more  economical  to  make  the  abstract 
presentation  at  the  beginning  or  end  of  the  process?  What  is 
the  relative  efficiency  of  making  the  abstract  presentation  in  the 
middle  of  the  process,  and  having  it  both  preceded  and  followed 
by  concrete  cases?  Is  it  better  to  have  the  abstract  presentation 
and  the  concrete  cases  alternate  frequently  as  above,  or  to  have 
the  first  half  of  the  time  devoted  to  one  method  and  the  second 
half  to  the  other?  Would  it  be  better  to  have  the  abstract  pre- 
sentation come  at  the  beginning  or  end  of  the  process?  What  is 
the  most  economical  distribution  of  time  that  could  be  devoted  to 
the  two  methods  in  the  combination? 

Qearly  the  above  experiment  has  only  broached  the  problem  of 
the  economy  of  abstract  presentation.  Numerous  other  problems 
of  a  similar  nature  will  at  once  suggest  themselves.  The  ex- 
plorational  aim  of  the  present  study  will  have  been  attained  if 
the  general  economy  of  the  combination  method  is  shown,  and 
an  adequate  and  convenient  technique  for  the  solution  of  the  va- 
rious subsidiary  problems  demonstrated. 
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VI 

THE  EFFICIENCY  OF  EVOLVING  CONCEPTS  FROM  A 

SERIES  OF  CONCRETE  CASES  WHERE  THE 

ATTENTION  IS  ATTRACTED  TO  THE 

COMMON  ELEMENT  IN  SITU 

Experiment  G 

Closely  related  to  the  method  of  concept  evolution  by  abstract 
presentation,  is  that  of  demonstration.  For  our  purpose  demon- 
stration consists  essentially  in  the  presentation  of  a  series  of 
concrete  cases  and  directing  the  attention  of  the  subject  to  the 
essential  characteristic  of  each  in  its  concrete  setting.  The  prob- 
lem before  us  then  is :  What  is  the  relative  efficiency  of  evolving 
functional  concepts  from  concrete  cases  in  which  the  attention  of 
the  subject  is  continuously  attracted  to  the  significant  common 
element,  as  compared  with  the  ordinary  simple-to-complex 
method. 

Only  a  slight  modification  of  the  technique  of  Experiment  F 
was  necessary  in  order  to  adapt  it  to  the  present  problem.  As 
there,  all  twelve  of  the  evolution  series  were  arranged  in  the 
simple-to-complex  order  with  the  simple  end  of  the  series  at 
"pack"  one.  But  with  half  of  the  evolution  series,  e.g.,  G  to  L, 
the  characters  were  redrawn  so  the  common  element  appeared  in 
a  saturated  red,  everything  else  being  the  same.  The  redrawing 
was  done  with  great  care  and  the  new  characters  except  for  the 
color  of  the  common  element,  were  practically  identical  with  the 
originals.  It  was  assumed  that  the  color  would  attract  the  at- 
tention of  the  subject  mildly  but  continuously  to  the  common 
element.  Nothing  whatever  was  said  concerning  the  color  how- 
ever, the  same  instructions  as  usual  being  given.  With  half  of 
the  subjects  the  process  was  reversed,  series  A  to  F  being  given 
in  the  simple-to-complex  order  with  the  common  element  in  red, 
and  series  G  to  L  as  normal  simple-to-complex.  Ten  university 
students  were  used  as  subjects. 
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The  tests  reveal  a  decided  advantage  in  favor  of  attracting 
attention  to  the  significant  common  element  in  situ.    The  results 

TABLE  XV 

Showing  the  relative  number  of  failures  to  react  correctly  on  the  tests  for 

the  two  methods  compared,  Experiment  G. 

Number  of  failures  to  react  on  test  out 
of  possible  108. 
Common 

element  Common  Advantage  of 

Sub-  in  red  element  Simple-to-    common  element 

ject  Series:  in  red  complex  in  red 

Wen,  A  to  F  17  58  +41 

HaL  "  "  "  S3  63  +10 

Con.  "   ''  "  13  41  +28 

Mar.  "   «  **  51  61  +10 

Moc.  "  "  "  23  27  +4 

Bee  G  to  L  27  42  +15 

CoL  "  "  "  21  43  +22 

Mel.  **  "  "  19  24  +5 

Lin.  "  «  "  39  so  +11 

McK.  "  '*  "  27  15  —12 


Average 29.0  424  +134 

M.  V 10.5 

S.  D '. 13.7 

of  the  tests  are  shown  in  Table  XV.  Nine  of  the  ten  subjects 
showed  a  more  or  less  decided  superiority  where  the  common 
element  was  given  in  red  while  the  average  of  all  yields  only  29 
failures  to  react  successfully  out  of  a  possible  108  as  against  42.4 
by  the  ordinary  simple-to-complex  method.  This  gives  a  net  ad- 
vantage of  13.4  points  in  favor  of  attracting  attention  to  the 
common  element  in  its  concrete  setting.^  It  does  not  appear  to  be 
quite  so  efficient  as  the  alternate  abstract  presentation  and  con- 
crete example  (Experiment  F)  which  yielded  an  advantage  of 
over  17  points  at  almost  exactly  the  same  stage  of  the  normal 
simple-to-complex  process.  But  the  significance  of  such  small 
differences  is  not  great  where  the  variation  is  so  considerable. 

In  this  experiment  we  are  again  able  to  get  some  indication  as 
to  the  relative  functional  efficiency  of  the  two  methods  through- 
out the  process  from  the  beginning.  This  is  furnished  as  before 
by  the  number  of  failures  to  react  successfully  to  the  evolution 

^A  computation  of  the  "unreliability"  of  the  average  shows  that  there  is 
only  one  chance  in  about  one  thousand  that  the  ''true"  average  would  not 
show  an  advantage  for  attracting  attention  to  the  common  element  in  situ. 
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TABLE  XVI 

Showing  the  relatiye  efficiency  of  the  respectiTe  methods  in  reacting  to  tiie 
evolution  series  at  first  presentation,  EaEperiment  G, 

Number  of  failures  to  react  at  first  presentation 
of  evolution  series. 
G>mmon 

element  G>mmon  element  Simple-to-complex 

Sub-  in  red  in  red  method 

ject  in  Series:         I    II    III  IV    V    VI  I     II  HI  IV  V    VI 

Wen.  AtoF  654101  643322 

Hal.  «""  665222  634523 

Con.  «<«•«  622002  641203 

War.  "«•-  655323  642455 

Moe.  «««««  632311  643322 

Bee.  GtoL  613200  654435 

Col.  "•*"  652200  6443x0 

MeL  '•""  633010  654314 

Lin.  -""  663231  665632 

McK.  M««  632100  644310 


Average   6x>  3.9  3.1   1.6    .9  ijo         6jo  4.3  34  3.6  2A  2^ 

''packs"  at  their  first  presentation.  These  are  shown  in  detail 
in  Table  XVI.  The  final  averages  by  the  two  methods  are  shown 
graphically  in  Figure  VIII.  There  it  is  evident  at  a  glance  that 
the  advantage  of  having  the  attention  of  the  subject  attracted  to 
the  common  element  in  its  concrete  setting  appears  at  the  very 
beginning  of  the  process  and  continues  to  increase  until  the  pro- 
cess is  interrupted  by  the  tests.  A  second  important  fact  brought 
out  by  this  figure  is  the  shrinkage  which  takes  place  in  the  ability 
of  the  subjects  to  react  to  new  cases  when  they  pass  over  from 
where  the  common  element  is  in  red  (pack  VI)  to  the  tests  where 
there  is  no  color  to  aid  them.  The  shrinkage  is  not  great  but 
probably  real.  In  fact  it  is  exactly  what  one  would  expect.  It 
recalls  the  marked  discrepancy  found  between  the  ability  to  de- 
fine (Experiment  E,  p.  43)  and  the  ability  to  react  to  new  cases, 
where  the  common  element  had  been  given  outright.  It  prob- 
ably results  from  a  similar  cause. 

The  results  of  the  present  experiment  may  be  briefly  formu- 
lated as  follows : 

^/  I.  There  is  a  distinct  advantage  in  evolving  concepts  from 
concrete  i:ases  in  the  simple-to-complex  order  where  the  attention 
of  the  subject  is  attracted  to  the  essential  common  dement  in  situ, 
over  the  normal  simple-to-complex  method. 
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FiGUBM  VIII. — Showing  the  origin  of  the  advantage  of  calling  attention  to 
the  common  element  in  situ,  erolntion  series,  Experiment  G. 

2.  The  advantage  appears  at  the  be^nning  of  the  process  and 
increases  ccgtinuously  as  far  as  it  has  been  investigated. 

3.  There  is  a  mild_shrinkagejn  Jur^^^ 

subject  passes  from  the  artificial  material  to  normal  experiences, 
but  there  still  remains  a  substantial  functional  advantage  In  at- 
tracting attention  to  the  common  element  while  in  its  concrete 
setting. 

As  in  previous  chapters,  the  problem  here  investigated  is  only 
one  of  a  group.  What  would  be  the  effect  of  calling  the  subject's 
special  attention  to  the  red  strokes  as  being  the  common  element? 
Would  the  present  method  be  improved  by  alternating  it  with 
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^U^  normal  concrete  cases  somewhat  as  in  Experiment  F?  Would  it 
be  better  in  such  a  case  to  have  the  normal  concrete  case  precede 
in  the  series,  or  follow,  or  both?  Would  the  addition  of  the 
naked  common  element  to  the  combination  be  an  advantage  or 
not?    If  so  in  what  position  would  its  advantage  be  greatest? 

As  pointed  out  at  the  end  of  the  last  chapter,  the  aim  of  the 
present  study  is  attained  if  the  general  economy  of  the  method 
is  shown  and  an  adequate  technique  indicated  for  the  solution  of 
the  numerous  problems  of  a  related  nature  which  it  suggests. 
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VII 

THE  EFFICIENCY  OF  EVOLVING  CONCEPTS  AS  A 
FUNCTION  OF  THE  THOROUGHNESS  OF  FAMIL- 
IARITY WITH  THE  CONCRETE  CASES 

Experiment  H 

An  important  factor  in  all  kinds  of  learning  is  the  matter  of 
thoroughness.  Theorists  have  not  been  as  specific  in  their  treat- 
ment of  this  factor  in  relation  to  the  evolution  of  concepts  as 
upon  some  of  the  matters  discussed  in  the  previous  chapters. 
There  seems  however  to  be  quite  a  general  belief  that  a  thorough 
mastery  of  each  concrete  case  involved  in  the  evolutionary  process 
will  be  specially  conducive  to  efficiency  in  coping  with  new  situ- 
ations. This  accordingly  determines  our  problem :  In  the  evo- 
lution of  functional  concepts,  is  it  more  economical  to  have  an 
evolution  series  made  up  of  six  concrete  cases  each  experienced 
moderately  well,  or  to  have  half  as  many  concrete  cases  each  ex- 
perienced twice  as  well? 

Only  a  moderate  variation  of  the  general  method  used  in  the 
previous  experiments  was  required  in  the  present  problem.  The 
characters  of  the  evolution  series  were  rearranged  so  that  all  the 
"packs"  were  of  presumably  equal  difficulty.  This  at  the  same 
time  largely  eliminated  the  simple-to-complex  arrangement  shown 
in  Plate  I.  It  was  done  in  the  following  manner :  If  the  num- 
bers from  one  to  six  represent  increasing  complexities  of  the 
characters  as  arranged,  e.g.  in  Series  A,  Plate  I,  the  new  arrange- 
ment may  be  conveniently  represented  in  the  following  table : 


Pack 

Pack 

Pack 

Pack 

Pack 

Pack 

I 

II 

III 

IV 

V 

VI 

Series  A 

I 

2 

3 

4 

5 

6 

"      B 

2 

3 

4 

5 

6 

I 

"      C 

3 

4 

5 

6 

I 

2 

"      D 

r             4 

6 

I 

2 

3 

"      E 

I 

5 

I 

2 

3 

4 

"      F 

I 

2 

3 

4 

5 
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A  glance  at  the  table  shows  that  every  "pack"  contains  one  char- 
acter of  each  of  the  six  grades  of  complexity  and  that  all  are 
consequently  of  approximatdy  equal  difficulty.  The  other  six 
evolution  series  (G  to  L),  were  rearranged  in  an  exactly  similar 
manner. 

A  second  modification  of  the  technique  previously  used  was 
to  make  the  characters  in  "packs"  I,  III  and  V  do  double  service. 
The  characters  of  each  of  these  "packs"  were  learned  as  nor- 
mally but  also  a  second  time  in  place  of  the  characters  normal  to 
the  "pack"  following — II,  IV  and  VI  respectively.  That  is,  the 
characters  normal  to  "pack"  I  would  be  used  both  in  "packs"  I 
and  II,  characters  normal  to  "pack"  III  would  be  used  both  in 
"packs"  III  and  IV,  characters  normal  to  "pack"  V  would  ap- 
pear both  in  "packs"  V  and  VI.  The  characters  normal  to 
"packs"  II,  IV,  and  VI  of  course  did  not  appear  at  all.  A  uni- 
form time  of  nine  exposures  was  given  to  each  "pack."  Thus  in 
evolution  series  G  to  L,  54  exposures  were  equally  divided  among 
six  concrete  cases  while  in  series  A  to  F,  54  exposures  were 
equally  divided  among  three  concrete  cases.  In  the  first  case  9 
exposures  were  given  to  each  concrete  case  which  we  shall  re- 
gard as  "moderate"  familiarity,  while  in  the  second  case  18  ex- 
posures or  twice  as  many  are  given  to  each  concrete  case,  which 
is  regarded  as  "thorough"  familiarity. 

As  usual  in  order  to  equalize  any  possible  difference  in  the 
difficulty  between  the  two  groups  of  concept  series,  the  process 
was  reversed  with  half  of  the  subjects.  In  this  case  G  to  L  be- 
came the  "thorough"  series  and  A  to  F  the  "moderate"  series. 
In  order  to  equalize  any  difference  in  difficulty  existent  between 
the  characters  included  in  the  "thorough"  series  and  those  ex- 
cluded from  it,  with  part  of  each  group  of  subjects,  the  characters 
of  "packs"  II,  IV  and  VI  did  double  service,  those  of  "packs"  I, 
III,  and  V  being  excluded  in  this  case. 

The  subjects  in  this  experiment  were  scholarship  students  from 
the  University  High  School.  They  ranged  from  13  to  18  years 
of  age. 

The  tests  revealed  a  small  but  fairly  ccinsistent  advantage  in 
favor  of  the  method  of  "moderate"  familiarity.    The  results  are 
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TABLE  XVII 
Showing  the  relative  efficiency  on  the  tests  of  the  methods  of  evolving  con- 
cepts respectively  by  "moderate"  and  "thorough"  familiarity  with  the 
concrete  cases,  Experiment  H. 

Failures  to  react  on  the  tests  out 
of  a  possible  total  of  io& 
In  "thorough" 
method* 

characters  Advantage 

Sub-  "Thorough"       used  from         "Moderate"  "Thorough"       of 

ject  method  in:         "packs":  method        method      "moderate" 

Hug.  Series  A  to  F  I,  III,  V  6i  76  +15 

McC.  "  "."  "  "     "     "  59  60  +1 

Hay.  "  "  "  "  "     "     "  95  94  —  i 

H.  S.  "  "  "  "  II,  IV,  VI  88  74  —14 

CaL  "  "  "  "  "     "     "  55  83  +^ 

Fit  Series  G  to  L  I,  III,  V  56  71  +15 

Eps.  "  "  "  "  "     "     "  68  72  +4 

Pag.  "  "  "  "  "     "     "  35  77  +42 

L.  S.  "  "  "  "  II,  IV,  VI  28  69  +41 

Don.  u  u   u  u  u     u     ..  ^  ^  _l_j2 

Average    62.2  76.5  +14.3* 

M.  V.  13.9 

S.  D 17.3 

^A  computation  of  the  "unreliability"  of  this  average  shows  that  there  is 
only  about  one  chance  in  220  that  the  true  advantage  for  the  "moderate" 
method  would  be  less  than  zero. 

shown  in  detail  in  Table  XVII.  Eight  of  the  ten  subjects  gave 
a  more  or  less  decided  advantage  for  the  "moderate"  method. 
All  the  subjects  taken  together  give  for  the  "moderate"  method 
an  average  of  62.2  failures  to  react  correctly  out  of  a  possible 
108,  while  the  "thorough"  method  shows  an  average  of  76.5 
failures,  a  difference  of  14.3  points  in  favor  of  the  "moderate" 
method. 

The  conditions  of  the  experiment  permit  us  to  secure  a  limited 
view  of  the  origin  of  this  difference  throughout  the  evolution 
series.  Table  XVIII  shows  in  detail  the  number  of  failures  to 
react  at  the  first  presentation  of  the  various  "packs."  It  will  of 
course  be  noted  that  the  scores  in  "packs"  II,  IV  and  VI  of  the 
"thorough"  series  are  not  significant  because  each  character  in- 
volved has  been  experienced  nine  times  in  the  previous  "pack" 
though  in  a  different  order.  This  accounts  for  the  extremely 
small  number  of  failures  in  each  of  these  "packs."  Their  non- 
significant nature  is  therefore  indicated  by  inclosing  them  in 
parentheses. 
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The  final  significant  averages  of  the  two  methods  are  shown 
graphically  in  Figure  IX.  It  is  evident  that  the  advantage  of  the 
"moderate"  method  is  not  a  temporary  matter  but  dates  from 
the  very  beginning  of  the  process.  A  second  feattire  of  interest 
in  Figure  IX  is  the  fact  that  the  lower  or  thorough  curve  shows 


I 


FiGUSE  IX. — Showing  the  origin  of  the  advantage  of  the  ''moderate"  meth- 
od over  the  ''thorough''  method,  evolution  series,  Experiment  H. 

almost  no  rise  whatever  at  "pack"  III  after  a  total  of  eighteen 
exposures.  This  is  much  less  than  might  be  expected  from  only 
nine  or  half  as  many  exposures.  It  suggests  that  at  this  stage  of 
the  process,  the  additional  nine  exposures  did  more  harm  than 
good,  at  least  in  terms  of  immediate  functional  efficiency. 
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The  results  of  Experiment  H  may  be  summarized  as  follows : 

I.  A  moderate  amount  of  time  spent  upon  each  of  six  con- 

Crete  cases  is  perceptibly  more  dficient  in  the  evolution  of  f  unc- 

TABLE  XVIII  ' 

Showing  the  comparative  functional  efficiency  of  "moderate"  vs.  "thorough" 

familiarity  in  reacting  to  the  "packs"  of  the  evolution  series  at 

first  presentation,  Experiment  H. 

The  number  of  failures  to  react  correctly  at  first 
presentation  of  "packs". 
"Thorough" 

Sub-        method  "Moderate"  method 

ject        in  Series:  I     II  III  IV  V    VI 

Hug.        AtoF  653664 

McC.        '«  «  "  66655s 

Hag.         "  "  "  666566 

H.  S.       "  "  "  666555 

CaL  "  '*   «  664234 

Fit  G  to  L  665444 

Eps.  "  "  "  65555s 

Pag.         "  "  "  665444 

L.  S.        "  "  "  645432 

Dan.         "  "  "  666654 


Average  6.0  5-6  5.1  4-6  4.6  4-3     6.0    (3.8)    5.9   (1.5)   4.7    (i.i) 

tional  concepts  than,  twicers  much  time  spent  upon  each  of  three 
concrete  cases. 

2.  This  superiority  appears  at  the  outset  and  is  inaintained  at 
least  through  the  first  third  of  the  process,  as  far  as  investigated 
in  the  present  experiment. 

One  or  two  critical  observations  may  be  made  at  this  point. 
In  varying  the  thoroughness  of  familiarity,  we  have  also  varied 
the  number  of  cases.  Does  this  introduce  the  uncertainty  of  in- 
terpretation due  to  two  variables?  While  interesting  from  the 
standpoint  of  logical  theory,  the  objection  is  of  no  practical  im- 
portance because  the  two  "variables"  are  so  rigidly  related  that 
they  act  essentially  as  a  single  factor. 

Of  more  importance  is  the  question  as  to  why  the  "thorough" 
method  should  prove  less  efficient?  The  reason  seems  to  be  that 
the  eighteen  exposures  of  the  "thorough"  method  carried  the 
process  of  generalizing  abstraction  as  regards  the  individual  con- 
crete example,  farther  into  the  region  of  "diminishing  returns" 
than  the  nine  exposures  of  the  "moderate"  method.  This  raises 
the  farther  question  as  to  how  early  in  the  experience  with  a  given 
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concrete  example,  the  period  of  "diminishing^  returns"  sets  in. 
Or  more  generally,  what  is  the  curve  of  the  contribution  of  a 
single  concrete  example  to  generalizing  abstraction,  in  terms  of 
time?  The  writer  ventures  a  guess  that  it  may  rise  rapidly  to  a 
maximimi  very  early  after  which  there  may  be  a  protracted  period 
of  "diminishing  returns"  which  may  even  pass  into  a  negative 
value.  No  doubt  this  may  differ  with  different  material  and 
possibly  with  different  individuals.  If  the  maximum  is  reached 
before  the  ninth  exposure,  the  "moderate"  method  will  triumph. 
If  it  is  reached  during  the  second  nine  exposures,  the  "thorough" 
method  must  win.  This  suggests  a  number  of  important  prob- 
lems for  future  investigation. 
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VIII 

THE  EVOLUTION  OF  FUNCTIONAL  CONCEPTS  AS 

RELATED  TO  THREE  TYPES  OF  ABNORMAL 

MENTALITY 

Experiment  I 

In  the  search  for  quantitative  individual  differences  in  the 
mode  of  evolving  concepts,  two  general  lines  of  procedure  are 
open.  One  is  to  compare  the  performances  of  various  normal  in- 
dividuals with  one  another  and  note  the  differences.  A  second 
way  is  to  compare  the  performances  of  minds  known  to  be  char- 
acteristically different  from  the  normal  and  from  one  another. 
The  latter  method  was  adopted  in  the  present  experiment  as  most 
likely  to  reveal  striking  individual  differences  if  such  exist.  It 
was  hoped  that  an  experiment  of  this  kind  in  which  several  of  the 
higher  mental  processes  could  be  conveniently  measured  without 
seriously  disturbing  the  others,  might  throw  some  light  both 
upon  the  process  of  generalizing  abstraction  on  the  one  hand,  and 
upon  the  state  of  some  of  the  higher  mental  processes  among 
characteristic  types  of  insanity,  on  the  other.  The  types  of 
mental  abnormality  selected  for  the  purpose  were  ( i )  constitu-  j 
tional  inferiority,  (2)  dementia  precox  and  (3)  paresis.  / 

The  method  employed  requires  little  comment.  It  was  es- 
sentially the  same  as  that  used  in  Experiment  A  (p.  9  ff.).  The 
only  exception  was  that  in  order  to  secure  incidentally  a  measure 
of  the  power  of  retention,  one  week  was  interposed  between  per- 
fecting the  reaction  to  "pack"  I  and  beginning  work  on  "pack" 
II.  At  the  end  of  the  week  and  just  before  beginning  work  on 
"pack"  II,  a  test  was  made  to  see  how  many  of  the  characters  of 
"pack"  I  were  still  retained.  After  this  they  were  relearned  until 
the  score  had  reached  the  same  excellence  as  when  work  was 
stopped  a  week  previously  i.e.,  a  perfect  score  on  two  successive 
revolutions  of  the  drum.  This  was  done  both  to  secure  an  addi- 
tional measure  of  the  retentiveness  and  to  bring  the  mind  into  a 
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State  approximately  similar  to  that  when  the  work  was  inter- 
rupted a  week  previously. 

Eight  subjects  were  used  in  the  experiment.  They  consisted 
of  three  constitutional  inferiors,  three  dementia  precox  and  two 
paretics.^  They  were  all  patients  of  the  Wisconsin  State  Hos- 
pital for  the  Insane,  at  Mendota,  Wisconsin.  They  were  very 
carefully  selected  from  a  group  of  over  eighty  individuals  who 
had  been  previously  experimented  on  at  some  length  in  an  effort 
to  adapt  the  Binet-Simon  tests  to  the  determination  of  the  extent 
of  intellectual  degeneration  among  the  insane.  The  eight  se- 
lected from  the  larger  group  for  the  present  experiment  were 
chosen  upon  a  joint  basis  of  tractability  under  experimental  con- 
ditions, of  furnishing  relatively  clear  types  of  their  respective 
diseases,  and  of  an  approximately  equal  intellectual  level.  The 
latter  was  determined  by  the  very  careful  mental  tests  to  which 
they  had  been  subjected.  The  level  chosen  was  roughly  the  abil- 
ity to  pass  from  thirty-five  to  forty  of  the  Binet  tests  (Goddard's 
revision).  Upon  trial  it  was  found  impossible  for  paretics  of 
this  grade  of  general  intelligence  to  learn  the  reactions  required 
by  the  experiment,  so  a  new  group  of  paretics  was  secured  hav- 
ing an  intellectual  ability  sufficient  to  pass  from  forty-eight  to 
fifty  of  the  tests.^ 

The  patients  had  all  become  more  or  less  accustomed  to  ex- 
aminations from  those  ordinarily  given  by  the  hospital  physicians. 
Through  having  received  the  Binet  tests,  they  had  also  become 
fairly  accustomed  to  the  writer  in  an  experimental  capacity.  He 
frequently  met  them  in  the  wards  and  in  general  cultivated  easy 
friendly  relations  with  them.  All  appeared  to  cooperate  very 
willingly  in  the  experiment  and  showed  a  distinct  interest  in  its 
progress.  The  experiments  were  carried  out  in  an  ordinary  pa- 
tient's room  in  one  of  the  quietest  wards  of  the  hospital.  The 
size  and  lighting  of  the  room  and  the  position  of  the  apparatus 
were  very  similar  to  those  of  the  psychological  laboratory  pre- 

1  Brief  case  histories  of  these  patients  are  given  in  Amer.  J.  of  Psychol., 
VoL  XXVIII,  pp.  4i<>'435*  A  third  paretic  was  included  in  the  original  plan, 
but  he  proved  to  be  a  poor  subject  and  was  finally  excused. 

^  51  was  found  to  be  the  mecfian  number  of  tests  passed  by  normal  adults 
of  about  the  same  age  and  station  of  life.  The  so-called  "wide  range"  method 
of  testing  was  employed. 
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viously  described  (p.  21).    Especially  frequent  rest  periods  were 
given  the  subjects  to  prevent  fatigue. 

The  results  in  general  show  the  insane  to  be  distinctly  inferior  ^ 
to  normals  .ir\.t|ig,,ionnatKgi  of  associations  and  in  generalizing 
abstraction,  but  apparently  fullv  equal  in  retentivenessnsf'^ay^ 
sociation  ^nrp  tht^y  ar<>  jcfrmed.  The  data  concerning  the  for- 
mation  and  retention  of  associations  with  these  subjects  has 
been  fully  discussed  elsewhere  (3).*  The  performance  of  the 
abnormals  on  the  tests  is  shown  in  Table  XIX.  The  normal  sub- 
jects with  whom  they  may  be  compared  most  appropriately  are 
those  of  Experiment  A.  The  corresponding  data  for  these  latter 
subjects  has  been  given  (though  in  a  divided  form)  in  Table  I 
(p.  23).  The  average  of  all  the  abnormals  is  127.4  failures  to 
react  out  of  a  possible  216  as  against  74.3  for  the  normal  sub- 
jects. Two  abnormal  subjects  reach  the  mean  of  the  normals 
but  no  normal  subject  does  as  badly  as  the  mean  of  the  abnormal 
subjects. 

The  superiority  of  the  normals  appears  much  more  striking 
when  the  amount  of  time  required  to  produce  the  respective 
scores  is  taken  into  consideration.  This  is  shown  in  detail  for 
the  abnormal  subjects  in  Table  XX.  The  final  averages  for  the 
normals  of  Experiment  A  have  already  been  given  on  p.  30.  The 
two  sets  of  averages  are  shown  graphically  in  Figure  X.    There 

TABLE  XIX 

Showing  the  grade  of  intelligence  and  the  number  of  failures  to  react  suc- 
cessfully on  the  tests,  out  of  a  possible  216,  Abnormal 
subjects,  Experiment  I. 


No.  failures 

to  react 

Type  of 

No.  Binet 

successfully 

Subject 

abnormality 

tests  passed 

on  tests 

Bur. 

const,  inferior 

37 

73 

Sch. 

«                       M 

38' 

146 

Syg. 

U                    tl 

35 

135 

Don. 

dementia  precox 

37.S 

118 

Tack. 

«                            €< 

40 

ISO 

[aco. 

M                          « 

47.S 

75 

lar. 

paresis 

48 

Sau. 
Averaize  ... 

<f 

SO 

I27wl 

*In  addition,  the  fluctuations  at  the  threshold  of  recall  was  found  to  be 
about  twice  as  profound  with  the  insane  as  with  normals. 
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it  appears  at  a  glance  that  the  time  consumed  by  the  abnormals 
particularly  in  perfecting  the  reaction  to  "pack"  I  is  many  times 
that  of  the  normals.  The  total  time  spent  by  the  abnormals  is 
nearly  four  times  as  great  as  that  spent  by  the  normals.  The 
sinigle  figure  expressing  the  ultimate  efficiency  of  the  two  groups 


20. 


& 


!«.. 


100. 


/ 


•*Piek"  IMHM* 


Figure  X. — Showing  the  number  of  minutes  required  by  the  normals  and 
the  abnormals  respectively  in  perfecting  the  various  reactions,  evolution 
series,  Experiment  I. 

of  subjects  is  the  number  of  successful  reactions  on  the  tests  per 
imit  time  spent  on  the  evolution  series.    It  is : 

Abnormals    45  successes  per  minute  spent 

Normals 2.81 

or  over  six  times  as  great  for  the  normals  as  the  abnormals. 
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Disregarding  the  differences  in  amount  of  time  consumed,  the 
number  of  failures  to  react  successfully  at  the  first  presentation 

TABLE  XX 

Showing  the  number  of  minutes  required  by  each  abnormal  subject  to  perfect 
the  reaction  to  each  of  the  ''packs"  of  the  evolution  series. 

Minutes  per  "pack" 
Subject  I        II        III      IV      V      VI 

7 
17 
II 

7 

i 

28 
23 


Bur. 

89 

29 

Sch. 

170 

38 

Syg. 

72 

18 

Don. 

45 

12 

Jack. 

52 

31 

Taco. 
Har. 

39 

IS 

200 

42 

Sau. 

150 

32 

Average 

102 

27 

7 
17 

^l 

^ 

13 

7  . 

12 

7 

II 

8 

34 

15 

14 

7 

9 

7 

25 

27 

19 

25 

41 

22 

18     17     17     14.3 

of  the  successive  evolution  "packs"  offers  us  a  convenient  indi- 
cation of  the  origin  of  the  differences  in  efficiency  found  between 
the  two  groups  of  subjects.    These  data  for  the  abnormals  is 


/ 

TABLE  XXI 

X  the  number  of  failures  to  react  successfully  at  the  first  pres 

entation 

of  the  evolution  "packs,"  Abnormal  subjects, 

Experiment  I. 

"pack" 

"pack"          "pack" 

"pack" 

"pack" 

"pack" 

Subject 

I 

II                III 

IV 

V 

VI 

Bur. 

12.0 

12.0               4.5 

3^ 

4.5 

4/) 

Sch. 

12.0 

lao               8.5 

lOJO 

8x> 

10.0 

Syg. 

12.0 

lo.s               9.0 

9.5 

8.0 

9.5 

Don. 

12.0 

8x)               7.0 

8x> 

5.5 

6.0 

Jack. 

12.0 

1 1.0              10.0 

ao 

10.5 

8.5 

Taco. 

12.0 

7.0               7.0 

5.5 

4.5 

5.0 

12J0 

las              11.0 

9J0 

9.5 

9.0 

Sau.' 

12J0 

12J0                  IZO 

1 1.0 

12.0 

10.0 

Average.  I2jo  10.1  8.6  8x)  775  7-6 

given  in  Table  XXI.  Corresponding  data  for  the  normal  sub- 
jects of  Experiment  A  are  given  in  Table  II  though  in  a  slightly 
different  form.  The  corresponding  averages  for  the  normals 
computed  from  Table  II  are : 

"pack"    "pack"    "pack"    "pack"     "pack"     "pack"       test 
I  II  III  IV  V  VI 

12  8.7  7*6  6.3  5.5  5-0  4.1 

The  two  sets  of  averages  are  shown  in  Figure  XI.    From  these 
curves  it  is  evident  that  the  abnormals  follow  the  same  general 


Digitized  by 


Google 


t6 


CLARK  L.  HULL 


Figure  XI. — Showing  the  origin  of  the  advantage  of  the  normals  over  the 
abnormals,  evolution  series.  Experiment  I. 

course  of  improvement  as  the  normals  but  from  the  very  begin- 
ning there  is  a  continuous  and  uniform  divergence  of  the  two 
curves,  the  normals  steadily  outstripping  the  insane. 

At  the  conclusion  of  the  tests  the  insane  subjects  were  re- 
quested to  draw  on  a  suitable  blank  their  idea  of  what  a  character 
must  be  in  order  to  be  called  by  the  various  names.  Only  a  few 
scrawls  were  obtained.  In  general  there  appeared  an  almost 
total  inability  to  define  in  this  sense.  Results  obtained  from  nor- 
mals in  the  previous  experiments  indicate  in  a  general  way  that 
this  may  be  one  of  the  most  striking  and  significant  differences 
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existing  between  normals  and  the  "insane."  No  particular  dif- 
ference in  this  respect  was  discernible  among  the  various  t3rpes 
of  abnormals  included  in  the  present  study. 

The  results  of  the  present  experiment  may  be  briefly  formu- 
lated as  follows : 

•I.  Constitutional  inferiors,  dementia  precox  and  paretics  show 
a  great  disturbance  in  the  power  to  form  association.  This  dis- 
tu]1)ance  is  distinctly  more  marked  with  the  paretics  than  with 
the  other  two  groups. 

2.  Qgce^associalions  are^o^^  however,  the  three  types  of 
abnormals  appear  to  retain  them  as  well  as  normals. 

3.  The  average  rate  of  evolving  functional  concepts  is  only 
about  pne^sixth-aS-Tapid  for  the  abnormal  group  as  for  the  nor- 
mal group.  The  advantage  of  the  normals  appears  at  the  be- 
ginning of  the  process  and  increases  continuously  as  far  as  the 
experiment  carries  it 

4.  There  is  an  almost  total  lack  in  the  abnormal  group  of  abil- 
ity to  define  the  concept  by  drawing,  whereas  the  normals  ordi- 
narily show  considerable  ability  at  about  the  same  stage  of  the 
evolutionary  process. 

Of  the  above  four  conclusions,  the  first  probably  depends 
lai^ely  on  faulty  attention.  If  one  may  judge  from  the  actions 
of  the  subjects  however,  there  was  no  lack  of  attention  in  the 
sense  of  effort  or  will  to  attend.  The  second  probably  reflects 
a  physiological  condition  of  stability  of  the  synaptic  connections. 
The  slow  rate  of  evolving  concepts  is  probably  largely  a  function 
of  the  slow  rate  of  forming  associations  though  this  does  not  ac- 
coimt  for  all  of  it,  since  the  disturbance  is  considerably  greater 
in  the  former  than  the  latter.  The  practical  inability  to  define 
concepts  which  have  a  proven  functional  efficiency  as  contrasted 
with  normal  subjects,  may  be  related  to  the  great  role  which  the 
subconscious  plays  in  the  abnormal  mind.  This  last  point  offers 
perhaps  the  most  fruitful  suggestion  for  a  future  investigation. 
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IX 

THE  RELATIVE  RATE  OF  EVOLUTION  OF  FUNC- 
TIONAL CONCEPTS  AT  THE  SEVERAL  STAGES 
OF  THE  EVOLUTIONARY  PROCESS 

Practice-curves  for  various  kinds  of  learning  have  long  occu- 
pied the  attention  of  experimental  psychologists.  The  form  char- 
acteristic of  ordinary  associative  learning  is  well  known  (5,  575). 
Relatively  little  is  known  however  of  the  characteristic  course  of 
the  more  comidex  forms  of  learning.  A  recent  writer  indeed 
f otmd  it  necessary  to  conjecture  as  to  the  probable  form  of  the 
curve  for  analytical  learning  (i^,  II,  344).  It  therefore  be- 
comes desirable  to  determine  the  curve  for  generalizing  abstrac- 
tion as  one  of  the  most  characteristic  of  the  more  comidex  learn- 
ing-processes. A  number  of  lines  of  evidence  converge  upon 
this  problem. 

In  the  previous  chapters  we  have  shown  numerous  curves  which 
purport  to  represent  quantitatively  the  course  of  generalizing  ab- 
straction. It  is  obvious  that  for  our  present  purpose  the  curve 
must  be  plotted  strictly  on  a  basis  of  time  spent  in  the  process. 
None  but  Figures  V  and  VI  fulfil  these  conditions.  Owing  to 
the  peculiarities  of  the  material  employed,  a  composite  curve 
from  each  figure  suits  our  present  purpose  better.  The  two 
curves  thus  obtained  are  shown  in  Figure  XII.  In  addition  the 
curves  from  Figures  I  and  III  may  be  reduced  to  approximately 
similar  conditions,  in  which  case  they  resemble  very  closely  those 
shown  in  Figure  XII.  So  far  as  they  go,  these  curves  present 
no  obvious  difference  from  the  conventional  practice  curve  for 
ordinary  associative  learning. 

Experiment  J 

A  preliminary  experiment  designed  only  partly  for  the  present 
purpose  has  an  indirect  bearing  upon  the  problem.  The  char- 
acters in  the  column  marked  "Evolution  Series"  in  Plate  III  were 
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FiGUKB  XII.— Curves  of  generalizing  abstraction,  evolution  series,  Experi- 
ments C  and  D. 

exposed  to  subjects  in  an  endless  series  for  periods  of  two  sec- 
onds each  with  a  blank  period  of  two  seconds  between  exposures. 
The  subject  was  directed  to  find  the  strokes  common  to  the  va- 
rious characters  as  quickly  as  possible.  When  he  thought  he  had 
found  anything,  the  apparatus  was  stopped  upon  the  following 
blank  space,  and  the  subject  drew  what  he  believed  he  had  found. 
The  exposures  were  then  resumed  until  he  thought  he  had  made 
another  discovery  when  a  new  and  more  perfect  drawing  was 
made.  Record  was  made  of  the  number  of  exposures  between 
successive  drawings.    A  simple  practice-experiment  was  given  as 
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a  preliminary,  the  results  of  which  were  discarded.     Sixteen 
Normal  School  students  acted  as  subjects. 

M^    •■»-        au-      ao-     au-     m^      Mb- 
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Characteristic  results  of  the  experiment  are  shown  in  Plate  III. 
The  average  of  all  the  subjects  shows  that  it  took  14  exposures 
to  make  the  first  discovery,  45  more  to  make  the  second  dis- 
covery, III  more  for  the  third  and  187  more  for  the  fourth. 
Qearly  a  longer  and  longer  time  is  required  for  each  successive 
discovery  and  the  increase  follows  a  very  definite  law.  If  the 
successive  discoveries  be  assumed  to  have  equal  increments  of 
difficulty,  we  may  obtain  from  these  figures  a  kind  of  curve  of 
generalizing  abstraction  (Figure  XIII ).^ 

That  this  systematicn  increase  in  the  time  required  to  discover 
the  successive  strokes  is  primarily  an  expression  of  the  mind  do- 
ing the  abstracting  rather  than  of  the  difficulty  of  the  characters, 
is  shown  by  the  fact  that  the  characters  are  of  a  fairly  uniform 

^This  curve  is  in  no  strict  sense  comparable  with  those  of  Figures  XII 
and  XIV. 
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Figure  XIII.— Curve  of  generalizing  abstraction  by  the  method  of  Ex- 
periment J. 

gradation  in  difficulty.    This  in  turn  is  shown  by  the  distribution 
of  variation  in  their  order  of  discovery.    (Table  XXIII.) 

TABLE  XXIII 

Showing  the  nomber  of  times  that  each  stroke  was  discovered  first,  second, 
third  and  fourth  respectively. 

1st       2nd.      3rd.     4tfa. 

Long  diagonal  stroke 10  6  o  o 

Shaded  stroke  4  6  3  3 

Curved  stroke 2  4  6  4 

Short  diagonal  stroke 0079 

Moreover  it  is  also  clear  from  Table  XXIII  that  the  short 
diagonal  stroke  is,  upon  the  whole,  the  most  difficult  one.  It  so 
happens  that  seven  subjects  discovered  this  stroke  third,  and  dis- 
covered either  the  second  or  the  third  stroke  last.  Here  then  we 
have  the  inherent  order  of  difficulty  operating  against  the  ten- 
dency in  question.  Yet  these  seven  subjects  give  the  following 
averages : 

10,        22,        53,        86. 
The  tendency  is  still  present  showing  clearly  that  the  increased 
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time  required  for  e^^^  ?^]^r^^^"g  ^i.yoY*^T^  ^'^  ^^  funrHon  of  the 
mind  making  the  discovery. 

Experiment  K 

The  inadequacies  of  the  above  methods  of  securing  a  curve  of 
generalizing  abstraction  are  niunerous.  Experiment  J  obviously 
does  not  yield  a  functional  measure.  In  addition  it  suffers  from 
most  of  the  disadvantages  urged  against  the  method  of  Fisher 
(p.  7).  The  method  of  Experiments  A  and  D  suffer  from  a 
distortion  of  the  score  owing  to  certain  inequalities  of  the  char- 
acters of  the  various  "packs,"  the  long  intervals  between  meas- 
ures, the  small  number  of  measures  at  each  interval,  the  tm- 
finished  state  of  the  curve  and  the  necessary  combination  of  many 
individual  records  into  a  single  composite  curve.  To  remedy 
these  defects  a  new  experiment  was  set  up  which  involved  the 
construction  of  an  entirely  new  apparatus. 

The  new  apparatus  was  built  very  much  after  the  plan  of  the 
one  used  in  the  previous  experiments.  Instead  of  holding  a 
small  number  of  cards,  the  drum  bore  a  long  band  which  hung 
suspended  from  it  and  upon  this  an  indefinitely  large  number  of 
characters  could  be  attached.  The  band  of  white  oilcloth,  two 
inches  wide,  was  placed  with  the  rough  side  toward  the  subject. 
Small  spurs  on  one  edge  of  the  drum  engaged  eyelets  in  the 
band  to  insure  accurate  movements.  The  characters  of  Plate  I 
were  photographed,  printed  on  a  matt  surface  in  exactly  the 
same  size  as  the  originals  and  glued  to  the  band  at  proper  inter- 
vals. They  were  put  on  by  "packs"  in  the  order  I  to  XII.  The 
order  of  characters  within  each  "pack"  was  determined  by  chance 
except  that  two  characters  by  the  same  name  should  not  be  too 
close  together  at  the  joining  of  two  consecutive  "packs."  The 
144  characters  required  a  band  over  twelve  feet  long.  The  ap- 
paratus was  elevated  so  that  the  band  when  joined  at  the  ends 
and  suspended  from  the  drum,  just  cleared  the  floor.  A  screen 
of  gray  cardboard  was  built  in  front  of  it.  This  had  a  small 
square  hole  cut  just  on  a  level  with  the  sufcject's  eyes  so  as  to 
expose  a  single  character.  Suitable  guides  were  provided  to  keep 
the  characters  close  to  the  aperature  and  to  prevent  vibrations 
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while  being  viewed.  The  shifts  from  one  character  to  the  next 
were  practically  instantaneous  as  in  the  previous  experiments  and 
the  exposures  were  likewise  five  seconds  each. 

The  subject  was  instructed  to  learn  as  quickly  as  possible  the 
names  of  the  characters  which  would  appear  at  the  "window," 
so  that  he  could  pronounce  them  at  sight.  He  was  told  plainly 
that  there  were  several  "families"  of  characters,  that  the  members 
of  each  "family"  bore  a  certain  family  resemblance  and  also  bore 
the  same  name.*  It  was  explained  that  he  would  be  prompted  in 
the  middle  of  each  exposure,  that  he  was  to  repeat  the  name  when 
prompted,  and  that  he  was  to  attempt  to  name  the  characters  for 
himself  as  soon  as  he  had  any  indication  as  to  what  the  name 
might  be.  It  was  pointed  out  that  errors  were  not  considered  in 
the  score  but  success  only,  and  that  on  the  long  run  reactions  to 
even  faint  suggestions  would  materially  improve  the  score.  The 
results  were  recorded  much  as  in  the  previous  experiments  only 
on  a  large  special  blank  prepared  for  the  purpose. 

By  the  above  technique,  every  one  of  the  144  characters  was 
seen  before  the  first  was  exposed  a  second  time.  This  consumed 
twelve  minutes  of  vigorous  mental  activity.  •  It  thus  came  about 
that  when  the  characters  began  returning  they  were  not  recog- 
nized individually  at  all.  Consequently  very  little  or  no  learning 
of  the  individual  characters  took  place  and  the  improvement  in 
the  score  was  due  almost  entirely  to  the  progress  of  generalizing 
abstraction.  By  taking  the  average  score  for  a  period  of  twelve 
minutes  we  have  144  judgments  which  gives  us  a  very  reliable 
indication  of  the  status  of  the  process  for  the  period.  The  diffi- 
culty of  the  material  from  point  to  point  on  the  curve  is  not  only 
tmif  drm  but  identical.  We  may  carry  the  process  to  any  desired 
degree  of  perfection.  And  we  not  only  can  secure  a  reliable 
curve  of  generalizing  abstraction  from  a  single  person  but  also 
for  any  single  one  of  the  twelve  individual  concepts  evolved  by 
that  person. 

Eight  subjects  in  all  were  used  in  the  various  forms  of  this 
experiment.     Their  records  appear  in  Table  XXIV.    The  first 

2  We  here  departed  from  our  policy  of  avoiding  deliberate  abstraction  in 
order  to  escape  any  unnecessary  delay  at  the  beginning  of  the  learning  which 
might  of  itself  produce  the  "initial  plateau/'  to  be  mentioned  presently. 
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four  subjects  did  the  experiment  exactly  as  described  above. 
Subject  Pil.  did  it  the  same  except  that  drawings  and  introspec- 
tions were  taken  at  frequent  intervals.  Subject  Wil.  had  a  prac- 
tice experiment  on  some  other  material  of  the  same  type  before 
making  the  present  record.  The  last  two  subjects  (Coa.  and 
Pea.),  did  the  experiment  using  only  the  first  72  of  the  charac- 
ters used  with  the  others,  i.e.  only  the  characters  of  "packs"  I  to 
VI.  In  this  case  the  characters  were  somewhat  smaller  than  the 
originals,  they  were  glossy,  and  the  subjects  were  not  told  any- 
thing about  the  "family"  resemblances.  The  results  for  the  first 
three  subjects  are  by  12-minute  periods,  for  the  rest  by  six-minute 
periods.  Three  characteristic  curves  from  this  table  are  shown 
in  Figure  XIV. 


0  2 


•WU. 


FiGUSE  XIV. — Showing  typical  (composite)  curves  of  generalizing  ab- 
straction, Experiment  K.  Time-intervals  for  subject  Cha.  were  twelve  min- 
utes ;  those  for  the  others,  six  minutes. 

Even  to  a  casual  observation  these  curves  present  a  marked 
contrast  to  the  curves  hitherto  examined,  as  well  as  to  the  con- 
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ventional  curves  of  learning.  Without  exception  all  eight  sub- 
jects begin  with  a  period  of  slow  learning  which  increases  rapidly 
until  at  an  efficiency  near  one-fourth  it  reaches  a  maximum.  Af- 
ter this  its  rate  gradually  decreases  until  as  perfection  is  ap- 
proached its  advance  becomes  very  slow  indeed.  It  is  also  inter- 
esting to  note  what  a  variety  of  conditions  yields  this  type  of 
curve.  It  seems  to  matter  not  whether  the  subject  knows  at  the 
banning  that  he  must  isolate  certain  common  elements,  whether 
there  has  been  preliminary  practice,  whether  definitions  are  re- 
quired, whether  learning  is  fast  or  slow,  or  whether  the  curve  is 
plotted  by  six  or  twelve  minute  periods.  There  is  in  all  cases  a 
brief  initial  plateau,  then  a  rapid  rise,  followed  by  a  protracted 
period  of  slower  and  slower  learning. 

But  the  ultimate  curve  of  generalizing  abstraction  has  not  yet- 
been  reached.  This  is  the  curve  of  the  evolution  of  a  single  con- 
cept. As  suggested  above,  the  flexibility  of  our  technique  enables 
us  to  secure  this  with  ease  by  retabulating  the  data  from  which 
the  figures  of  Table  XXIV  were  secured.  It  will  be  remembered 
that  the  latter  are  really  composite  results  from  twelve  individual 
concepts.  The  curves  of  individual  concepts  thus  obtained,  while 
showing  characteristic  differences  from  any  found  thus  far,  agree 
in  the  main  with  the  curves  which  they  make  in  combination. 
They  differ  in  the  more  bold  and  striking  manner  of  their  em- 
phasis of  the  peculiarities  noted  in  the  latter.  In  general  the 
initial  plateau  tends  to  be  more  absolute,  and  when  the  break 
comes  it  is  apt  to  be  more  abrupt.  The  period  of  diminishing  re- 
turns is  usually  present  but  not  in  every  case.  Typical  results 
from  such  a  retabulation  of  the  data  for  subject  Cha.  are  shown 
in  Figure  XV  (cf.  the  corresponding  composite  curve  for  this 
subject,  Figure  XIV). 

Conclusions 

We  may  formulate  the  results  of  our  investigation  of  the  curve 
of  generalizing  abstraction  as  follows : 

I.  The^ averse  functional  improvement  of  a  group  of  rela- 
tively homogeneous  concepts  all  of  whTdfe  are  evolved  simultan- 
eously, begins  with  an  initial  plateau  or  brief  pericki  of  positive 
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FiGUSB  XV. — Showing  ^ical  curves  of  the  evolution  of  individual  con- 
cepts, subject  Qisu,  Expenment  K. 

acceleration.  The  rate  of  improvement  tends  to  reach  its  maxi- 
mum near  the  end  of  the  first  fourth  of  the  process.  Following 
this  comes  a  more  or  less  protracted  period  of  negative  acceler- 
ation which  is  terminated  by  the  arrival  at  maximal  efficiency  of 
the  concepts, 

2.  The  functional  improvement  of  the  individual  concept  fol- 
lows the  same  general  course  as  the  composite  curve.  The  initial 
plateau  is  apt  to  be  somewhat  more  protracted  and  absolute  and 
the  change  from  this  to  a  period  of  rapid  improvement  tends  to 
be  much  more  abrupt  (ij^  51;  15,  II,  342  ff).  The  period  of 
n^ative  acceleration  may  be  much  abbreviated  or  entirely  lack- 
ing, though  with  material  of  considerable  difficulty  it  may  be 
greatly  extended. 

The  above  statements  clearly  apply  only  to  concepts  evolved 
under  conditions  very  similar  to  those  of  Experiment  K.     All 
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methods  agree  as  to  the  concluding  period  of  diminishing  re- 
turns. It  is  impossible  to  tell  whether  the  initial  plateau  exists 
under  the  conditions  of  Experiments  A  to  D.  It  probably  could 
not  appear  in  the  results  there  even  if  it  did,  owing  among  other 
things  to  the  fact  that  no  point  is  located  on  the  curve  soon 
enough  to  show  it.  While  both  experiments  duplicate  important 
natural  life  processes,  they  are  sufficiently  different  to  make  it 
unnecessary  to  assume  the  presence  of  the  initial  plateau  in  the 
latter  process  even  if  invariably  present  in  the  former. 

The  relative  novelty  of  the  initial  plateau  among  learning 
curves  makes  it  of  interest  to  speculate  as  to  its  cause.  The  most 
probable  explanation  seems  to  be  that  in  the  compound  process  of 
generalizing-abstraction  (12,  8)  the  abstraction  (seeing  the  ob- 
ject in  parts)  must  take  place  to  a  certain  extent  before  general- 
ization can  begin*  and  that  the  score  reflects  only  the  progress  of 
the  latter  process.  Trial  and  error  would  also  undoubtedly  con- 
tribute to  the  same  end. 

The  period  of  diminishing  returns  probably  results  from  a 
multiplicity  of  causes.  One  is  that  chance  hits  upon  significant 
elements  must  grow  progressively  less  as  the  undiscovered  sig- 
nificant elements  grow  less.  A  second  factor  is  probably  that 
when  a  concept  is  evolved  to  the  extent  of  affording  means  for 
coping  with  some  of  the  new  situations  presenting  themselves, 
effort  will  largely  cease  on  the  successful  occasions,  which  will 
progressively  diminish  the  total  amount  of  effort  given  to  the 
process. 

'This  is  indicated  by  a  number  of  introspections  obtained  at  the  end  of 
the  process  in  our  experiments.    See  Moore,  op.  cit,  p.  120. 
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CONCEPTS 

Experiment  L 
We  have  already  seen  as  an  incidental  product  of  Experiment  I, 
(Plate  III),  what  might  be  called  serial  cross  sections  of  the  con- 
cept throughout  its  process  of  evolution.  The  limitations  of  that 
form  of  experimentation  have  been  pointed  out.  It  was  thought 
desirable  therefore  to  secure  similar  cross  sectional  views  from 
a  more  normal  process  of  concept  evolution.  A  very  convenient 
means  was  immediately  at  hand  in  the  technique  used  in  the  ex- 
periments described  in  the  past  chapters,  particularly  Experi- 
ments B  and  K. 

In  the  first  part  of  the  present  experiment  the  general  tech- 
nique of  Experiment  B  was  followed.  But  instead  of  limiting 
the  evolution  series  to  six  "packs"  as  previously,  it  was  extended 
to  include  all  twelve  "packs"  (Plate  I).  At  the  conclusion  of 
the  learning  of  the  second  "pack,"  the  subject  was  given  a  blank 
containing  the  names  of  the  various  concepts  and  asked  to  draw 
with  as  much  care  as  possible,  the  strokes  which  a  character  must 
have  in  order  to  be  called  by  the  respective  names.  Four  uni- 
versity students  served  as  subjects  in  this  part  of  the  experiment. 
A  typical  series  of  such  drawings  are  shown  in  Plate  IV.  Two 
other  subjects  repeated  the  experiment  according  to  the  general 
technique  of  Experiment  K.  They  were  called  on  for  drawings 
usually  every  six  minutes  throughout  the  process.  No  difference 
was  discemable  between  the  drawings  obtained  by  the  two  latter 
methods  despite  the  differences  in  the  form  of  their  respective 
curves  of  learning. 

In  examining  the  drawings  obtained  for  all  three  methods  per- 
haps the  most  striking  characteristic  is  the  extremely  gradual  way 
in  which  the  concepts  come  into  existence.  This  is  particularly 
true  of  the  concepts  evolved  by  the  more  natural  methods  (Plate 
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Pi-ATE  IV. — Showing  serial  cross  sections  of  the  evolution  of  twelve  con- 
cepts in  parallel,  Experiment  L. 

IV).  It  is  true  that  in  some  cases  (Series  D)  where  the  common 
element  is  very  simple,  it  may  be  almost  or  quite  perfect  at  its 
first  appearance.  In  such  cases  however  it  is  apt  to  be  accom- 
panied by  certain  excess  or  non-essential  characteristics.  But 
again  where  the  common  element  is  seemingly  very  simple  it  may 
come  to  consciousness  only  in  the  most  halting  and  gradual 
manner  (Series  C).  The  evolution  of  a  rather  complicated  con- 
cept is  shown  in  Series  F  and  perhaps  even  better,  by  Series  H. 

A  second  interesting  characteristic  shown  by  this  investigation 
is  a  tendency  to  transmute  an  essentially  erroneous  first  notion  of 
a  concept  by  almost  imperceptible  degrees  into  its  true  form.  This 
also  is  admirably  illustrated  by  Series  H,  and  many  other  ex- 
amples are  scattered  through  the  records  of  the  various  subjects. 
The  subsequent  transformations  are  not  unlike  the  transforma- 
tions which  the  common  philosophical  and  religious  concepts  have 
undergone  in  the  history  of  thought. 

The  third  and  most  important  fact  which  emerges  from  the 
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examination  of  the  cross-sectional  views  of  the  concepts  in  the 
course  of  evolution  is  the  enormous  role  of  "trial  and  error"  in 
the  process  (p,  80).  This  appears  clearly  by  all  three  methods. 
It  is  shown  in  an  objective  way  by  the  continual  appearance  of 
false  strokes  which  disappear  again  after  a  more  or  less  pro- 
tracted existence.  This  objective  evidence  is  confirmed  in  a  cer- 
tain sense  by  introspective  accounts  given  by  the  subjects  at  the 
conclusion  of  the  process.  The  present  writer  is  strongly  of  the 
opinion  however,  that  this  conscious  trial  and  error  so  revealed  is 
largely  spurious.  It  is  believed  that  this  deliberate  seeking  of 
the  common  element  which  appears  in  a  gross  way  in  the  work  of 
Moore,  Griinbaum,  Fisher,  in  our  own  Experiment  J,  somewhat 
less  in  Experiment  K  and  to  a  slight  extent  in  the  other  experi- 
ments, is  largely  an  artifact  resulting  from  experimental  tech- 
nique, so  far  as  the  spontaneous  process  of  generalizing  abstrac- 
tion is  concerned.  The  following  brief  analysis  of  certain  inner 
aspects  of  the  process  may  serve  to  make  clear  our  notion  of  the 
real  nature  of  the  trial  and  error  element. 

1.  Let  us  suppose  that  we  have  a  concept  evolution  series  in 
which  each  case  is  experienced  until  the  reaction  is  perfected  be- 
fore passing  on  to  the  next.  Let  the  various  characteristics  of 
the  first  situation  be  represented  by  the  letters  a,  b,  c,  d  and  the 
required  reaction  by  w.  Now  in  perfecting  the  reaction,  associa- 
tive bonds  must  be  set  up  between  m  and  the  situation  abed. 
Certain  parts  of  the  situation  will  become  focal  in  consciousness 
because  they  have  greater  attention  values  than  other  parts.  Let 
a  be  the  focal  characteristic,  b  the  secondary  characteristic,  c  and 
d  marginal  characteristics.  Accordingly  a  major  bond  will  ex- 
tend from  a  to  m,  a  secondary  bond  from  b  to  m,  and  minimal 
bonds  from  atom  and  from  d  to  m.  But  since  there  is  nothing 
to  indicate  which  characteristics  of  the  situation  are  the  really 
significant  ones,  the  distribution  of  the  various  bonds  must  be 
largely  a  matter  of  chance. 

2.  At  the  next  situation  which  requires  the  reaction  m,  the  re- 
sult will  vary  greatly  according  to  whether  the  significant  ele- 
ment in  the  fn^series,  turns  out  to  be  a,  fr  or  c.  Suppose  it  is  a. 
Then  we  may  represent  the  new  case  hy  a  e  f  g.    In  this  case 
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the  major  bond  from  a  to  m  will  function,  the  reaction  m  will 
take  place  more  or  less  promptly,  and  the  bond  from  atom  will 
be  strengthened  by  use.  The  process  in  this  case  is  most  simple. 
The  chance  trial  has  proven  a  success. 

3.  The  opposite  extreme  is  found  where  the  significant  element 
of  the  w-series  turns  out  to  be  c.  In  this  case  we  may  represent 
the  new  situation  hy  c  ef  g.  The  bond  from  c  to  m  is  subliminal. 
Associations  must  therefore  be  established  between  m  and  c  e  f  g 
before  the  reaction  can  be  perfected.  No  doubt  the  process  will 
be  somewhat  complicated  by  the  previous  set  of  major  bonds 
leading  to  m,  which  may  be  expected  to  have  certain  inhibiting 
influences  upon  the  formation  of  other  bonds  (5,  580).  But  as 
before  the  bonds  when  finally  formed  may  be  expected  to  consist 
of  one  major  bond  and  other  bonds  of  rapidly  decreasing 
strengths.  Again  also  the  attention  values  of  the  various  char- 
acteristics of  the  new  situation  will  be  the  dominating  factors  in 
determining  the  strength  of  the  various  bonds.  But  will  the  at- 
tention values  be  purely  chance  in  this  second  case?  It  seems 
likely  that  they  will  not  be  entirely  so.  The  bond  from  c  to  w 
even  though  subliminal  may  reasonably  be  expected  to  have  a 
certain  amount  of  tendency  to  attract  attention  to  c.  Obviously 
the  stronger  the  original  bond  between  c  and  m,  the  greater  will 
be  this  tendency.  Such  an  action  if  real,  would  greatly  facilitate 
the  process. 

If  the  bond  between  c  and  m  in  the  second  case  is  still  sub- 
liminal after  the  reaction  is  perfected,  the  process  must  be  re- 
peated until  the  subliminal  bonds  accumulate  and  become  liminal, 
providing  chance  does  not  step  in  to  suddenly  shorten  the  process 
by  putting  c  into  a  position  of  special  attentional  advantage. 

4.  Once  more  let  us  suppose  that  c  is  the  significant  element  of 
the  miseries  in  the  first  situation,  and  that  the  second  situation  is 
a  0  h  i,  o  being  here  the  significant  element  and  requiring  the 
/^-reaction.  The  major  bond  ap-hh  formed  in  the  first  situation 
will  produce  the  false  reaction  m,  with  attendant  unpleasantness 
and  tendency  to  weaken  the  bond.  In  case  a  bond  o-^p  has  also 
been  previously  formed,  a  rivalry  will  ensue  between  the  reactions 
m  and  p,  with  strong  tendencies  to  mutual  inhibition.    The  ex- 
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perimental  results  indicate  that  often  a  prolonged  alternation  of 
the  two  reactions  will  develop,  the  w-reaction  each  time  resulting 
in  unpleasantness.  At  length  it  will  give  place  to  the  /^-reaction, 
thot^h  often  with  unexpected  relapses. 

5.  A  third  situation  appears  where  the  major  bond  is  still  be- 
tween m  and  the  irrelevant  a>  and  where  the  new  case  contains 
both  a  and  c,^sac  ef.  Here  a  will  produce  the  reaction  m,  acci- 
dentally correct,  and  the  spurious  bond  from  a  to  m  will  be 
strengthened  by  use  as  in  (2).  Sooner  or  later  it  must  of  course 
encounter  situations  like  (3)  and  (4)  in  which  the  a-^^m  bond 
must  be  destroyed.  The  difficulties  and  inhibitions  there  de- 
scribed presumably  will  then  take  place  in  an  aggravated  form. 

There  thus  appears  a  large  element  of  trial  and  error  in  the 
process  but  not  in  the  conscious  or  deliberate  sense  that  this 
expression  is  often  understood. 
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XI 

SUMMARY 

We  may  now  briefly  summarize  the  results  obtained  by  the 
various  experiments  described  in  the  preceding  pages. 

1.  Evolving  concepts  by  proceeding  from  the  simple  to  the 
complex  in  the  evolution  series  yidds  a  substantial  advantage 
over  proceeding  from  the  complex  to  the  simple,  where  the  ac- 
tivity in  each  succeeding  case  is  continued  until  the  reaction  is 
just  established.  But  by  this  method  much  more  time  is  spent 
upon  the  simple  cases  of  the  simple-to-complex  method  than  upon 
the  corresponding  cases  of  the  complex-to-simple  method.  When 
the  disproportion  is  partially  reduced,  the  advantage  of  the 
simple-to-complex  method  is  somewhat  decreased;  and  when  the 
disproportion  is  completely  eliminated,  the  advantage  of  the 
simple-to-complex  method  is  completely  eliminated  also.  This 
fact,  together  with  the  shape  of  the  two  curves  throughout  the 
evolutionary  process,  indicates  that  the  simpler  characters  are 
much  more  efficient  in  the  evolution  of  concepts  than  the  complex 
ones.  There  appears  to  be  no  advantage  in  the  simple-to-complex 
order  merely  as  such. 

2.  Concepts  given  to  the  subject  directly,  the  common  de- 
ment concerned  never  being  experienced  in  its  concrete  setting, 
shows  about  the  same  functional  efficiency  as  concepts  evolved 
from  the  concrete.  The  ability  to  define  however  is  about  twice 
as  great  with  the  former  method.  The  power  to  define  is  thus 
in  some  cases  at  least  a  very  inadequate  index  of  the  functional 
value  of  a  concept. 

3.  A  combination  of  abstract  presentation  and  concrete  ex- 
amples yields  a  distinctly  greater  functional  efficiency  than  either 
method  alone. 

4.  During  the  evolution  of  concepts,  mildly  attracting  atten- 
tion to  the  common  element  in  situ  considerably  increases  the 
efficiency  of  the  process.    The  increase  is  continuous  from  the 
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beginning  of  the  process  as  far  as  it  was  investigated.  But  when 
the  transition  is  made  from  the  artificial  evolution-material  to 
that  of  the  normal  test-material  the  advantage  is  perceptibly  de- 
creased. 

5.  Moderate  familiarity  with  each  member  of  an  evolution 
series  comprising  a  number  of  concrete  cases  is  perceptibly  more 
efficient  than  twice  as  thorough  familiarity  with  half  as  many 
cases.  This  advantage  appears  at  the  very  beginning  and  per- 
sists at  least  through  the  first  third  of  the  process,  i.e.  as  far  as 
investigated. 

6.  Constitutional  inferiors,  dementia  precdx  subjects  and  per- 
etics  average  only  about  one  sixth  as  rapid  progress  in  evolving 
functional  concepts  as  normals.  The  ability  to  define  the  con- 
cepts was  very  much  poorer  than  that  of  the  normals  of  the  same 
functional  level,  it  being  almost  totally  lackii^.  The  ability  to 
form  associations  was  greatly  impaired,  though  associations  once 
formed  seem  to  be  as  permanent  as  with  normals. 

7.  The  curve  of  the  evolution  of  concepts  begins  with  an 
initial  period  of  positive  acceleration  which  goes  on  to  a  maxi- 
mum rate  after  which  a  period  of  negative  acceleration  sets  in 
which  continues  to  the  end  of  the  process. 

//  8.  The  individual  concepts  usually  come  into  consciousness 
very  gradually.    Erroneous  first  impressions  are  either  discarded        \ 
or  transmuted  into  the  correct  form  by  a  continuous  develop-         I 
ment.    Trial  and  error  plays,  if  not  a  dominating,  at  least  a  very 
great  role  in  the  process. 

9.  A  considerable  number  of  quantitative  problems  involved  in 
the  evolution  of  concepts  may  be  conveniently  investigated  by 
slight  modification  of  the  general  technique  employed  with  the 
various  experiments  described  in  the  present  study. 
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I.    INTRODUCTION 

This  study  aims  to  make  a  detailed  and  exhaustive  analysis 
of  a  simple  case  of  trial  and  error  learning.  The  tracing  of  a 
six-pointed  star,  as  reflected  in  a  mirror,  was  selected  as  tiie  task 
to  be  learned — for  the  threefold  reason  that  this  task  promised  to 
involve  a  certain  degree  of  difficulty  for  the  learner;  that  im- 
provement in  learning  to  trace  this  figure  promised  to  be  rapid 
and  to  be  open  to  accurate  objective  measurement;  and  that  the 
time  required  to  make  a  single  complete  tracing  of  the  figure 
I)romised  to  be  sufficiently  short  (the  average  time  proved  to  be 
less  than  thirty  seconds),  to  enable  the  learner  to  furnish  a  subse- 
quent introspective  description  of  his  mental  processes  and  pro- 
cedure in  complete  detail. 

Our  method  of  investigation  involved  objective  records  and 
introspective  analyses ;  and  we  aimed  to  obtain,  from  both  these 
sources,  a  complete  description  of  every  step  in  the  act  of  learn- 
ing; it  was  also  hoped  that  each  method  would  furnish  a  check 
upon  the  accuracy  of  the  other  method. 

It  has  been  our  endeavor  to  submit  every  stage  of  our  act  of 
learning  to  detailed  analysis ;  and  then  to  recombine  the  results 
of  these  analyses  and  to  present  them  in  their  proper  sequence. 
By  this  means  it  was  hoped  to  obtain  a  complete  genetic  record 
of  the  act  of  learning  at  each  stage  of  its  development. 

Psychologists  have  attempted  in  recent  years  to  determine 
what  differences  obtain  between  learning  in  animals  and  in  the 
human  subject.  The  term  'trial  and  error*  learning  has  come  to 
be  employed  in  certain  quarters  to  describe  the  learning  of  the 
animal ;  and  in  certain  quarters  this  term  has  been  employed  to 
designate  a  certain  sort  of  human  learning. 

It  seems  probable  that  the  term  was  first  employed  by  students 
of  animal  behavior,  and  that  its  application  to  human  learning  is 
of  a  more  recent  date.  The  earliest  use  of  this  term  which  we  have 
been  able  to  discover  appears  in  Galton's  Inquiries/^  where,  how- 

^Frands  Gahon,  Inquiries  into  human  facalty,  London,  1883,  P-  i7i*  In 
describing  the  moTement  of  the  eye  over  the  details  of  the  'fire  face'  in  the 
Imming  coals,  Galton  speaks  of  it  as  ''being  guided  partly  by  the  easy  sequence 


Digitized  by 


Google 


2  GEORGE  S,  SNODDY 

ever,  one  is  led  to  suppose  that  the  phrase  was  current  at  that 
time.  It  was  soon  pointed  out  that  'trial  and  success"  would 
describe  this  sort  of  learning  more  accurately  than  'trial  and 
error' ;  and  in  describing  the  learning  of  certain  animals.  Thorn- 
dike  (46)'  emphasized  the  significance  of  the  'accidental  success' 
which  attended  certain  reactions  of  his  animals  when  fdaced  in 
the  learning  situation.  He  also  points  out  that  human  learning 
differs  from  animal  learning  in  that  the  latter  is  characterized  by 
an  absence  of  independent  ideas  and  by  a  lack  of  continuity  in 
the  mental  stream.  In  a  later  study*  he  differentiates  three  sorts 
of  learning :  "Learning  by  trial  and  accidental  success, — ^that  is, 
by  the  strengthening  of  the  connections  between  the  sense  im- 
pressions representing  the  situation  and  .  .  .  our  successftd 
response  to  it,  and  by  the  inhibition  of  similar  connections  with 
unsuccessftd  responses";  learning  by  means  of  imitation;  and 
learning  by  means  of  ideas. 

Lloyd  Morgan  (26)  employed  the  term  'trial  and  error'  learn- 
ing to  refer  to  that  type  of  behavior  which  obtains  in  the  dog 
when  he  learns  to  meet  a  situation  successfully.  Morgan  believes 
that  the  dog's  reactions  to  a  situation  are  immediate  responses 
which  owe  their  origin  either  to  the  animal's  racial  or  his  in- 
dividual experience;  the  behavior  of  man,  he  points  out,  is  of  a 
wholly  different  sort,  in  that  man  approaches  a  problem  de- 
liberately, marshals  his  past  experience,  and  'reasons  out  the  diffi- 
culty' before  he  acts. 

In  more  recent  years  experimental  investigation  has  shown 
that  a  fundamental  distinction  between  human  and  animal  learn- 
ing can  be  drawn  only  with  the  greatest  difficulty.  In  investiga- 
tions of  human  learning  Ruger  (37)  and  Book  (4)  find  that 
most  of  the  serviceable  procedures  or  principles  which  arise  in 

of  muscular  movements,  partly  1^  idiosyncracy,  partly  1^  the  mood  and  the 
associations  present  at  the  time,  until  finally  a  picture  that  will  'suit'  is  built 
up  in  this  trial  and  error  fashion." 

>  Ladd  and  Woodworth,  Elements  of  Psysiological  Psychology,  191 1,  p.  550^ 
in  referring  to  the  'trial  and  error*  method  of  learning,  say, — ^"We  prefer  to 
call  it  learning  by  varied  reaction  through  selection  of  the  successful  variants." 

'Figures  refer  to  Bibliography  at  end  of  article. 

*£.  L.  Thomdike,  The  mental  life  of  the  monkeys,  Psychol.  Monog.,  Ill, 
5,  1901,  p.  2. 
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the  course  of  the  learning,  are  hit  upon  by  accident  This  find- 
ing is  leading  psychologists  to  question  the  existence  of  a  specif- 
ically human  type  of  learning  to  meet  situations. 

The  term  'trial  and  error,'  however,  is  still  current  in  the  sense 
in  which  Jennings  ( 19)  employs  it  to  describe  the  behavior  of 
Paramecium.  Jennings  points  out  that  Paramecium's  reaction  to 
an  obstacle  in  its  path  is  of  a  single  sort, — ^the  avoiding  reaction. 
If  this  reaction  does  not  bring  immediate  success,  it  is  repeated 
again  and  again  until  the  animal  ultimately  succeeds  in  avoiding 
the  obstacle;  Baldwin  has  called  this  the  'try,  try  again'  method. 
It  is  in  this  sense  that  the  term  trial  and  error  is  employed  in  the 
present  study  of  mirror  tracing.  However,  as  we  shall  note  later, 
the  human  subject  employs  many  sorts  of  reaction  in  any  given 
situation,  instead  of  having  recourse  to  but  one  reaction,  as  in  the 
case  of  Paramecium. 

The  details  of  trial  and  error  learning  have  never  been  in- 
vestigated in  any  thoroughgoing  fashion,  except  in  the  domain  of 
animal  behavior;  and  it  would  carry  us  too  far  afield  to  refer  to 
all  of  these  animal  studies  here.  However,  in  later  sections  of 
this  paper,  we  hope  to  touch  upon  certain  problems  which  these 
studies  have  raised. 

Investigations  by  Perrin  (34),  by  Hicks  and  Carr  (16),  and 
by  Starch  (42)  have  discussed  certain  phases  of  trial  and  error 
learning  in  man.  Hicks  and  Carr  investigated  the  procedure  of 
children  and  of  white  rats  in  learning  to  find  their  way  through 
a  maze;  Perrin  studied  the  adult's  procedure  in  solving  a  similar 
problem.  The  act  of  learning  investigated  by  Starch  consisted 
in  tracing  a  figure  by  mirror  reflection. 

In  the  opinion  of  the  present  writer,  none  of  these  studies  have 
attempted  to  bring  the  trial  and  error  phase  of  human  learning 
into  relation  with  later  developments  in  the  process  of  learning. 
They  have  usually  assimied  that  learning  b^^s  with  a  process  of 
trial  and  error  and  ends  in  a  'controlled'  and  'purposeful'  pro- 
cedure, and  they  have  made  no  serious  attempt  to  supply  the  in- 
termediate links  between  these  tenninal  points.  Most  of  the  dis- 
cussions of  the  topic  of  learning  which  one  finds  in  the  textbooks 
are  open  to  the  same  criticism;  Watson  (53)  is  a  notable  excep- 
tion to  this  criticism. 
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II.    EXPERIMENTAL  PROCEDURE 

I.    Apparatus 

Several  foims  of  apparatus  were  employed  in  this  investiga- 
tion; all  of  these,  however,  were  variants  of  the  six-p(mit^  star, 
with  certain  accessory  mechanisms. 

Apparatus  I.  This  imtial  form  of  apparatus  consisted  of  a 
'star'  design  and  a  recording  mechanism.  The  former  was  con- 
structed as  follows:  A  regular  and  equilateral  star,  whose  ex- 
treme width  was  17  cm.,  was  cut  from  a  sheet  of  brass  one  mm. 
thick,  and  was  mounted  upon  a  glass  plate  six  mm.  in  thickness. 
By  this  means  we  obtained  a  path,  in  the  form  of  a  six-pointed 
star,  which  was  six  mm.  in  width,  whose  edges  were  of  brass, 
and  whose  base  was  of  glass.  (Fig.  No.  i.)  The  task  assigned 
to  the  learner  consisted  in  learning  to  trace  this  path,  as  seen  by 
reflection  in  a  mirror,  without  touching  the  brass  border.  Earlier, 
experiments  had  revealed  a  tendency  on  the  part  of  certain  learn- 
ers to  slide  the  metal  stylus  along  the  edge  of  the  path,  keeping 
the  former  in  contact  with  the  latter  throughout;  in-order  to 
eliminate  this  procedure,  niches  were  cut  at  intervals  along  the 
brass  border.  There  were  four  of  these  niches  on  each  of  the 
twelve  sides  of  the  six-pointed  figure, — ^the  niches  being  three  mm. 
wide  and  three  mm.  deep,  so  that  they  were  large  enough  to  admit 
the  point  of  a  stylus.  The  stylus  was  made  of  brass  with  an  ivory 
tip,  and  was  of  the  size  and  form  of  an  ordinary  lead  pencil. 
The  two  brass  plates,  whose  edges  constituted  the  edges  of  the 
path,  were  connected  with  a  binding-post  at  the  edge  of  the  glass 
plate  (A,  Fig.  i).  A  metallic  brush-contact  was  inserted  into  a 
second  binding-post  in  such  fashion  that  it  extended  out  over  the 
path  at  the  starting  point,  (B).  A  flexible  copper  cord  connected 
the  upper  end  of  the  stylus  with  a  tiiird  binding  post,  (C). 

The  recording  mechanism  consisted  of  a  kymograph  which 
carried  an  endless  sheet  of  white  paper.  Three  fountain  pens, 
which  were  attached  to  three  electro-magnets,  were  in  contact 
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Fig.  I.  This  is  a  drawing  showing  the  "star"  apparatus  employed  in  this 
investigation.  The  starting  point  for  tracing  the  diagram  is  the  small  circle 
to  the  right  of  the  point  S.  See  text  for  details  of  the  construction  of  the 
apparatus. 

with  this  band  of  paper.  One  of  these  electro-magnets  was  in 
circuit  with  the  two  brass  plates  which  constituted  the  margins  of 
the  outline  of  the  star;  this  electro-magnet,  with  its  pen,  recorded 
any  contact  which  might  be  made  between  the  stylus  and  the  edge 
of  the  path.  The  second  electro-magnet  was  in  circuit  with  the 
brush  contact  in  the  path  of  the  star;  and  indicated  the  beginning 
and  end  of  a  circuit.  The  third  electro-magnet  was  in  circuit 
with  a  Jacquet  chronometer,  and  by  this  means  a  time  line,  mark- 
ing fifths  of  a  second  was  recorded,  (Fig.  19,  p.  61). 

The  star  was  placed  upon  a  flat-topped  laboratory  table,  which 
was  of  convenient  height  for  writing  A  mirror  18  cm.  by  20  cm. 
was  fixed  on  the  table  in  a  vertical  position,  with  its  reflecting 
surface  turned  toward  the  star.  A  screen  of  green  blotting  paper 
was  fastened  in  such  a  position  that  the  subject  could  readily  and 
conveniently  see  the  mirrored  image  of  the  star,  but  he  could  not 
see  the  star  itself.  The  apparatus  was  adjustable  so  that  a 
natural  and  convenient  posture  of  the  learner  was  secured 
throughout  the  experiment. 

Apparatus  II.  This  second  form  of  apparatus  was  designed 
for  the  two-fold  purpose  of  furnishing  an  accurate  and  detailed 
graphic  record  of  every  movement  and  change  of  direction  made 
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by  the  stylus  in  tracing  the  outline  of  the  star,  and  of  recording 
not  only  the  time  of  each  movement  and  change  of  direction,  but 
also  the  total  time  of  the  complete  circuit  This  apparatus  con- 
sisted of  a  'tapping  recorder'  and  duplicate  copies  of  a  six-pointed 
star.  The  tapping  recorder  was  constructed  as  follows :  A  thin 
plate  of  brass,  thirty-five  cm.  long,  thirty  cm.  wide,  and  i  mm. 
thick,  was  motmted  upon  a  wooden  frame,  which  rested  upon 
four  wooden  supports.  This  formed  a  box-like  structure,  of 
which  the  brass  plate  constituted  the  top.  Pieces  of  felt  were  in- 
serted between  the  wooden  frame  and  the  brass  plate,  and  the 
latter  was  loosely  attached  to  the  frame  by  means  of  screws.  A 
large  electro-magnet,  which  actuated  a  heavy  hammer,  was  placed 
below  the  brass  plate  in  such  a  position  that  the  stroke  of  the 
hammer  was  received  at  the  center  of  the  plate.  The  sheet  of 
paper  which  bore  the  diagram  of  the  star  was  clamped  securely 
to  the  upper  surface  of  the  brass  plate;  a  second  sheet,  bearing  a 
duplicate  diagram  of  the  star,  in  perfect  register,  was  introduced 
between  the  first  sheet  and  the  brass  plate,  and  a  sheet  of  carbon 
paper  was  inserted  between  these  two  diagrams. 

A  mirror  and  a  screen  were  arranged  in  positions  similar  to 
those  described  in  our  initial  form  of  apparatus.  The  electro- 
magnet was  in  circuit  with  a  battery  of  dry  cells  and  a  Jacquet 
chronometer  in  such  fashion  that  each  beat  6i  the  chronometer 
was  attended  by  a  hammer  stroke  upon  the  under  side  of  the  brass 
plate.  Each  stroke  of  the  hammer  caused  a  slight  movement  of 
the  plate  and  recorded  a  dot  on  the  line  traced  by  the  stylus ;  hence 
the  record  shows  the  detailed  movements  of  the  stylus,  together 
with  the  time  of  each  movement.  (A  sample  record  is  shown  in 
Figure  9,  p.  41). 

Before  beginning  this  group  of  experiments  the  learner  was 
given  considerable  practice  with  this  mechanism,  during  which 
details  of  various  sorts  were  traced  in  free-hand  fashion  in  direct 
vision — ^this  being  done  in  order  to  make  sure  that  the  tapping  did 
not  interfere  with  the  free  movement  of  the  stylus,  and  in  order 
to  familiarize  the  subject  with  the  apparatus.  It  may  be  added  that 
no  such  interference  was  detectable;  signatures  which  our  sub- 
jects wrote  under  these  experimental  conditions  could  not  be 
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distinguished  from  their  usual  signatures,  excepting  that  the  time- 
dots  were  present  in  the  former  case. 

Apparatus  III.  This  form  of  apparatus  was  a  slight  modifica- 
tion of  that  employed  by  Freeman  (14)"  in  his  investigation  of 
handwriting.  The  essential  features  of  this  apparatus  were  as 
follows :  A  continuous  band  of  adding  machine  paper  is  drawn 
across  a  flat  writing  surface  by  means  of  an  electric  motor;  over 
this  moving  band  is  laid  a  stationary  sheet  upon  which  the  ob- 
server writes  with  an  ordinary  lead  pencil.  The  reader  is  re- 
ferred to  Freeman's  two  papers  (op.  cit.)  for  an  elaborate  and 
accurate  discussion  of  the  technique  involved  in  the  measuring  of 
the  time  of  hand  movements  by  means  of  this  apparatus. 

In  our  modification  of  this  apparatus  we  employed  a  plate 
fibre-board  from  which  two  sides  of  the  star  (sides  3  and  4, 
Fig.  I )  were  cut  out  in  the  same  way  as  these  two  sides  were  cut 
out  of  brass  in  our  metal  star, — ^the  two  grooves  thus  furnishing 
paths  whose  directions  were  a^  right  angles  to  each  other.  This 
fibre  plate  was  fixed  to  the  writing  surface  in  such  fashion  that 
when  the  subject  sat  before  the  apparatus,  the  path  to  be  traced 
lay  directly  before  him  in  the  form  of  an  inverted  V;  the  moving 
band  of  paper  passed  under  this  V,  moving  from  right  to  left. 
After  each  circuit  of  the  diagram  had  been  completed,  the  primary 
record  and  the  secondary  record  (upon  the  moving  band)  were 
filed  away  and  preserved  together.  A  sample  of  one  of  these 
primary  records  is  shown  in  Figure  12,  p.  49). 

This  apparatus  was  used  in  making  a  detailed  investigation  of 
the  learning  in  the  case  of  two  sides  of  the  star  which  proved  to 
be  very  difficult ;  it  enabled  us  to  determine  the  time  of  each  move- 
ment, the  time  of  each  pause,  and  the  location  of  each  pause.  In 
this  group  of  experiments  we  employed  unpracticed  learners  who 
had  never  had  any  previous  experience  in  mirror-tracing;  but  we 
also  employed  this  apparatus  with  certain  of  our  practiced  learners 
in  order  to  make  a  more  detailed  investigation  of  certain  features 
of  their  behavior  while  tracing  at  high  speed. 

*Also,  An  experimiental  analysis  of  the  writing  moyement,  Psych.  Rev. 
Mono.  Vol  XVn,  No.  4,  will  be  very  helpful  to  the  reader  in  nnderstanding 
this  apiMuratus. 
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Apparatus  IV.*  The  object  of  this  fifth  group  of  experiments 
was  to  obtain  an  accurate  photographic  record,  with  time  de- 
terminations^ of  all  the  movements  made  by  the  observer  in 
tracing  the  path  of  two  of  the  more  difficult  sides  of  the  figure. 
The  method  was  as  follows :  The  path  to  be  traced  was  drawn 
upon  a  sheet  of  coordinate  paper.  Tracing  was  made  by  means 
of  an  ordinary  adjustaUe  pencil  which  carried  (just  above  the 
writing-point)  a  small  rice-^^in  electric  bulb,  and  this  bulb  was 
in  circuit  with  a  tuning-fork  (twenty-five  vibrations  per  second). 
The  bulb  was  shielded  by  a  small  cup  of  hard  rubber.  The  dia- 
gram to  be  traced  was  mounted  on  a  flat  table  in  a  position  con- 
venient for  writing;  above  the  diagram  was  a  frame  which  car- 
ried a  camera,  in  such  a  position  that  the  lens  of  the  camera  was 
directly  over  the  diagram. 

Before  the  observer  began  his  tracing  the  photographic  plate 
in  the  camera  was  exposed  to  the  diagram;  then  the  lens  was 
closed  for  a  time  while  the  tuning-fork  was  being  set  in  vibration, 
thus  causing  a  series  of  flashes  (twenty-five  per  second),  in  the 
lamp  at  the  pencil-point.  The  lens  was  opened  again  when  the 
learner  b^^an  to  trace  the  figure  with  his  pencil.  The  i^oto- 
graphic  record  of  this  tracing  shows  the  path  followed  by  the 
learner  in  making  the  tracii^,  and  also  the  time  measurements, 
made  in  one-twentyfif ths  of  a  second.  A  sample  record  from  this 
machine  is  shown  in  Figure  lo,  p.  47. 

This  apparatus  was  employed  chiefly  for  the  purpose  of  com- 
paring the  tracing  of  a  slightly  practiced  learner  with  the  tracing 
made  by  the  same  observer  after  he  had  reached  high  speed, — 
the  prime  object  of  this  apparatus  being  to  furnish  a  more  ac- 
curate and  detailed  record  of  the  temporal  relations. 

2.    Method 

All  of  our  experiments  were  performed  in  the  Psycholc^cal 
Laboratory  of  Qark  University;  excepting  a  few  experiments 
conducted  at  the  University  of  Utah  for  objective  data  only.    All 

•  We  are  indebted  to  Mr.  Frank  G.  Gilbreth,  of  Providence,  R.  I.,  not  only 
for  the  kmn  of  valnable  apparatus  employed  in  this  group  of  experiments,  but 
also  for  numerous  valuable  suggestions. 
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of  our  data  will  be  referred  to  the  type  of  apparatus  employed  and 
the  condition  of  the  subject  (practiced  or  unpracticed,  beginner 
or  advanced  learner).  We  sought  to  obtain  data  from  objective 
and  introspective  sources  at  every  stage  of  the  learning.  In  our 
introspections  the  observer^  first  reported  his  description  in  detail ; 
this  was  then  followed,  where  necessary,  by  careful  questions 
which  were  designed  to  clear  up  obscure  points,  and  to  give  the 
experimenter  a  clearer  understanding  of  the  procedure  and  pro- 
cesses involved.  Where  questions  were  employed,  their  exact 
wording  was  recorded  and  will  be  noted  in  our  quotations. 

Every  effort  will  be  made  to  keep  conditions  uniform  through- 
out the  practice  of  each  reagent  The  apparatus  was  explained 
in  detail  before  the  experiment  began,  by  which  means  we  hoped 
to  secure  a  constant  and  uniform  behavior  from  each  learner; 
since  any  curiosity  on  the  part  of  the  learner,®  regarding  the  use 
of  the  apparatus,  was  satisfied  at  the  outset  and  his  attention  was 
left  free  for  the  experiment.  We  were  frequently  amazed  by 
the  constancy  of  behavior  of  the  learners,  and  at  the  almost  com- 
plete absence  of  irrelevant  and  disturbing  elements. 

Since  all  of  our  apparatus  involved  the  tracing  of  a  dis^ram  by 
means  of  a  stylus  or  pencil,  care  was  taken  throughout  that  the 
height  of  the  tracing  surface,  and  the  distance  of  the  hand  from 
the  body,  should  be  similar  to  these  requirements  in  the  ordinary 
act  of  writing.  The  learner  sat  in  a  comfortable,  cushioned  chair ; 
and  efforts  were  made  to  secure  perfect  quiet  in  the  experimenting 
room.  In  those  cases  where  a  slight  noise  arose  from  the  opera- 
tion of  the  apparatus,  our  learners  assured  us  that  this  did  not 
constitute  a  distracting  factor;  and  this  statement  is  abundantly 
verified  by  our  introspections. 

In  an  early  stage  of  our  preliminary  investigations,  it  was  noted 
that  the  instructions  and  the  distribution  of  practipe  were  im- 
portant factors  in  the  learning.     Accordingly,  we  decided  to  vary 

^Throughout  this  paper  the  learner  who  also  furnishes  an  introspection 
of  his  learning  will  be  arbitrarily  designated  an  'observer'  while  the  leamer 
vtbo  furnishes  merely  objective  data  will  be  referred  to  as  'subject*;  under 
certain  conditions  a  leamer  may  act  in  both  capacities. 

*  A  special  instance  of  this  was  the  question,— 'Will  I  get  an  electric  shock 
from  the  apparatus?* 
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both  the  instructions  and  the  practice  periods  in  such  fashion  as 
to  ftimish  positive  data  r^^ding  the  influence  of  these  two 
factors.  In  the  descriptions  and  discussions  which  follow,  we 
shall  make  frequent  use  of  the  terms  'recess  period/  'recess  period 
practice'  and  'series  practice.'  By  recess  period  we  mean  that 
period  of  time  which  the  experimenter  interpolates  between  suc- 
cessive efforts  of  the  learner.  Each  such  effort  is  a  imit  of  prac- 
tice; it  may  involve  a  tracii^  of  one  side  of  the  star,  or  a  tracing 
of  the  whole  star.  The  term  'recess  period  practice'  refers  to 
that  practice  in  which  a  recess  period  appears  before  each  unit 
of  practice,  whether  this  latter  be  a  tracing  of  the  third  side  of 
the  star  or  a  circuit  of  the  whole  star.  The  term  'series  practice' 
refers  to  that  practice  where  the  unit  is  repeated  one  or  more 
times  without  the  intervention  of  a  measurable  recess  period, — for 
instance,  five  circuits  of  the  star  made  in  immediate  succession 
without  any  intervening  recess  period,  would  constitute  a  series 
practice. 

Three  types  of  instruction  were  employed  in  this  investigation. 
In  the  first  type  the  instructions  were  as  follows :  "Attend  to 
both  speed  and  accuracy  in  going  around  the  star;  that  is,  avoid 
touching  the  sides  of  the  path,  and  go  around  as  fast  as  possible," 
(speed  and  accuracy  instructions).  Care  was  taken  to  repeat 
these  instructions  at  least  twice  to  the  learner. 

Since  the  two  factors,  speed  and  accuracy,  might  differ  in  value 
according  to  the  order  of  their  mention  in  the  instructions,  the 
order  was  reversed  in  the  second  type  of  instruction,  where  it  was 
as  follows:  "Go  around  the  star  and  avoid  touching  the  sides; 
your  efficiency  will  be  measured  solely  in  terms  of  your  accuracy," 
(accuracy  instructions).  In  the  third  type  of  instructions,  the 
learner  was  instructed  as  follows:  "Go  aroimd  the  star  as  fast 
as  you  can;  your  efficiency  will  be  measured  solely  in  terms  of 
your  speed,"  (speed  instructions). 

We  were  also  interested  in  testing  out  some  of  Lai^f eld's  (23) 
conclusions  on  the  effect  of  instructions ;  accordingly,  we  modified 
our  instructions  so  that  the  subject  was  instructed  as  follows: 
"You  will  trace  around  the  star,  keeping  the  stylus  in  the  middle 
of  the  path." 

After  one  group  of  conditions  had  been   investigated  we 
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changed  the  instructions  in  order  to  investigate  the  effect  of  such 
change.  Throughout  our  discussion  the  data  will  be  referred,  in 
every  instance,  to  the  instructions  under  which  these  data  were 
obtained. 

Various  distributions  of  practice  were  investigated;  each 
learner,  however,  was  kept  under  constant  conditions  until  the 
effect  of  those  conditions  had  been  investigated.  It  was  our 
aim  to  obtain  data  r^arding  both  recess  period  practice  and  series 
practice  at  every  stage  of  the  learning,  and  to  correlate  these  two 
types  of  practice  with  the  type  of  instructions.  In  other  words, 
we  were  concerned,  not  with  the  economy  of  learning,  but  with 
the  effect  of  the  instructions;  it  was  our  aim  to  discover  the  cor- 
relation between  distribution  of  practice  periods  and  the  attain- 
ment of  a  high  degree  of  accuracy  or  of  speed  under  specific  in- 
structions. 

3.    Learners 

In  our  investigation  we  employed  twenty-one  learners;  nine 
of  these  were  used  for  securing  objective  data  and  introspection, 
and  twelve  were  used  for  objective  data  only;  the  former  are  de- 
signated 'observers,'  and  the  latter,  'subjects.'  Our  observers 
were  all  graduate  students  in  the  department  of  Experimental 
Psychology  in  Qark  University;  the  first  two  in  the  following  list 
of  observers  having  attained  the  doctorate  and  the  remaining 
seven,  the  master's  degree  in  psychology.  Our  subjects  were  ad- 
vanced students  in  Clark  College,  Clark  University,  and  the  Uni- 
versity of  Utah.  The  learners  will  be  referred  to  throughout  this 
paper  by  number  only.  A  college  class  of  advanced  students 
from  the  University  of  Utah  was  also  used  in  two  group  tests. 

Observers:  (i)  S.  W.  Femberger,  (2)  Sara  C.  Fisher,  (3) 
H.  R.  Crosland,  (4)  B.  W.  DeBusk,  (5)  Florence  Mateer,  (6) 
F.  J.  O'Brien,  (7)  Bruce  B.  Robinson,  (8)  R.  B.  Teachout,  (9) 
R.  H.  Wheeler. 

Subjects,  for  objective  data  only,  were: 
(10)  Ethel  Bowman,  (11)  G.  A.  Coe,  (12)  Ruth  Dmilop,  (13) 
Florence  Groshell,  (14)  Chinaki  Kageyama,    (15)    Eva  Kass, 
(16)  M.  C.  Knapp,  (17)  Yashihide  Kubo,  (18)  H.  C.  Lewis, 
(19)  D.  L  Pope,  (20)  Loren  Richards,  (21)  Rex  W.  Williams. 
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III.    RESULTS 

I.  The  Learning  Curve:  Correlation  Between  the  Effect 

OF  THE  Instructions  and  the  Distribution 

OF  Practice. 

A.     General  Character  of  the  Learning  Curve 

As  the  reader  will  observe  by  referring  to  Figures  5,  6  and  7, 
the  nature  of  the  curve  for  this  type  of  learning  is  dependent  both 
upon  the  instructions  given  to  the  subject  and  upon  the  distribu- 
tion of  practice.  When  a  mixed  practice  (recess  period  followed 
by  series  practice)  is  given,  the  results  of  which  are  shown  in 
Figs.  5  and  7,  the  general  trend  of  the  average  curve — the  arith- 
metical average  of  the  time  and  error  quantities — is  similar  to 
that  obtained  by  using  animals  in  a  maze.*^ 

The  curve  may  very  readily  be  divided  into  two  distinct  parts : 
First  there  is  an  initial  drop  where  great  improvement  takes  place 
and  where,  in  most  instances,  the  time  and  error  curves  are  par- 
allel ;  and  second,  a  plateau  stage,  where  there  is  much  less  im- 
provement and  where  the  time  and  error  curves  may  often,  as  in 
Figs.  4,  6  and  7,  tend  to  vary  in  opposite  directions.  If  a  curve 
representing  the  arithmetical  average  of  the  time  and  error 
quantities  should  be  drawn  between  the  time  and  error  curves  in 
Fig.  7,  a  curve  of  logarithmic  character  is  obtained  which  is 
roughly  similar  to  that  obtained  by  Ebbinghaus  in  his  investiga- 
tion of  forgetting.  In  our  analysis  of  the  learning  curve  we 
shall  secure  better  results,  however,  if  we  take  up  a  consideration 
of  the  type  of  curve  secured  under  every  possible  combination  of 
instructions  and  distribution  of  practice ;  which  we  shall  proceed 
to  do  in  the  following  sections. 

B.     The  Learning  Curve  under  Accuracy  Instructions 

a.  Series  Practice  from  the  Beginning  of  the  Learning. — By 
referring  to  Fig.  2  the  reader  will  observe  that  no  improvement 

•The  reader  is  referred  to  Thomdike's  Animal  Intelligence,  Macoiillan, 
New  York,  191 1,  and  to  Watson,  Behavior,  Henry  Holt,  New  York,  1914, 
for  numerous  examples  of  such  curves. 
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Fig.  2.  A  diagram  showing  the  average  learning  curve  of  ten  subjects 
working  under  various  conditions  of  practice.  From  the  scale  at  the  left 
may  be  read  the  time  in  seconds  and  the  number  of  errors.  The  horizontal 
scale  indicates  the  successive  circuits  of  the  star.  It  should  be  noted  that 
the  improvement  in  accuracy  (errors)  is  confined  to  the  recess  period  prac- 
tice. The  rise  of  the  time  curve  in  Part  II  is  an  irradiation  curve.  The 
quantitative  data  for  each  subject  are  shown  in  Table  II,  p.  79. 

took  place  in  accuracy  while  these  subjects  were  working  under 
series  practice  conditions.  The  instructions  stressed  the  avoid- 
ance of  errors  and  no  limitations  were  placed  upon  the  time  re- 
quired to  make  the  circuit  of  the  star;  the  subjects  were  striving 
merely  to  avoid  errors.  This  same  state  of  affairs  obtains  with 
all  our  subjects  working  under  the  same  conditions.  This  ex- 
periment has  been  performed  with  thirty  objects  during  the  course 
of  our  work  and  we  have  never  succeeded  in  getting  appreciable 
improvement  under  such  conditions.  No  improvement  at  all 
occurred  except  in  the  case  of  three  subjects  who  show  slight  im- 
provement. This  is  true  only  when  the  subjects  have  had  no 
experience  with  mirror  tracing,  which  is  essential  for  this  case,  as 
later  results  will  show  that  this  state  of  affairs  holds  only  for  the 
initial  drop  of  the  learning  curve,  (Fig.  21,  p.  65). 

b.  Recess  Period  Practice  throughout  the  Learning. — Under 
this  form  of  practice  the  accuracy  instnictions  were  used  and  the 
circuits  of  the  star  were  separated  by  recess  periods.     Reference 
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Fia  3.  Ordinate  indicates  time  and  errors;  abscissa,  successive  circuits. 
This  learning  curve  was  secured  from  the  work  of  subject  No.  13; 
accuracy  instructions  were  employed  throughout.  Part  II  of  the  practice 
shows  a  very  marked  irradiation  curve.  It  should  be  noted  that  series  prac- 
tice in  Part  III  brings  about  a  marked  improvement  in  speed  withotn  re- 
sulting loss  in  accuracy.  The  curve  here  shown  is  taken  from  data  secured 
after  the  subject  had  completed  a  recess  and  a  series  practice,  such  as  is 
shown  in  Part  I  of  Fig.  2. 
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Fig.  4.  Ordinate  indicates  dme  and  errors;  abscissa,  successive  circuits 
upon  apparatus  I.  This  is  a  curve  of  Subject  No.  14,  secured  through  a 
practice  of  one  circuit  of  the  star  per  day.  Part  I  was  secured  under 
accuracy  instructions,  Part  II  speed  and  accuracy,  Part  III  under  accurao- 
instructions.  The  point  R  indicates  a  recess  period  of  eight  months.  It 
should  be  noted  that,  by  the  ninth  circuit,  the  subject  had  reached  the  limit 
of^  his  improvement,  under  recess  practice  conditions,  as  measured  by  the 
arithmetical  average  of  the  time  and  error  quantities ;  thereafter,  he  makes  a 
choice  of  one  element  and  neglects  the  other. 
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to  Fig.  4,  will  show  that,  tinder  recess  period  practice,  the  im- 
provement in  both  accuracy  and  speed  in  the  early  stages  of  the 
learning,  is  very  rapid;  but  this  is  followed  by  a  change  of  direc- 
tion of  the  time  curve.  This  marked  rise  of  the  time  curve  is 
explained  in  our  objective  and  physiological  analysis  of  the  learn- 
ing as  irradiation;  which  has  led  to  our  naming  this  type  of  curve, 
an  irradiation  curve,  (page  51). 

The  time  curve  is  seen  to  rise  progressively  for  a  number  of 
circuit;  the  increase  in  time  is  paralleled  by  a  fall  (improvement) 
in  the  error  curve.  This  type  of  curve  is  f  oimd  under  no  other 
conditions  than  recess  period  practice  with  accuracy  instructions. 
The  risie  in  the  time  curve  is  followed  by  a  fall,  provided  the  prac- 
tice is  continued  sufficiently  long,  Figs.  2  and  3.    It  should  be 


Fig.  5.  Ordinate  indicates  time  and  errors;  abscissa,  successive  circuits 
upon  apparatus  I.  This  is  the  curve  of  Subject  No.  17,  secured  under  ac- 
curacy instructions.  One  circuit  per  day  was  the  scheme  for  the  first  two 
circuits ;  thereafter,  two  circuits  in  series  per  day  was  the  practice.  It  should 
be  noted  that  there  is. a  simultaneous,  fall  of  both  time  and  error  curves 
throughout  the  learning,— a  marked  contrast  to  state  of  affairs  in  Fig.  4 
where  recess  period  practice  is  maintained  throughout.  ThjB  fourth  circuit, 
the  first  not  to  be  preceded  by  a  recess  period,  shows  a  loss  in  both  time  and 
errors;  this  would  not  have  occurred  had  the  initial  drop  in  the  learning 
curve  been  completed  before  the  series  practice  was  begun.  The  point  R  in- 
dicates a  recess  interval  of  eight  months. 


Digitized  by 


Google 


i6  GEORGE  S.  SNODDY 

noted  that  there  is  no  reversal  in  the  error  curve,  which,  on  the 
contrary,  may  show  improvement  or  remain  unchanged  so  long 
as  constant  conditions  are  maintained. 

c.  Recess  Period  Practice  at  the  Beginning,  followed  by  Series 
Practice. — ^The  effect  of  this  set  of  conditions  is  clearly  shown  in 
Fig.  5.  In  Figs.  2  and  3,  it  is  seen  that,  at  certain  later  stages 
in  the  learning,  series  practice  is  of  positive  advantage;  the 
n^;ative  improvement  in  the  time  curve  is  reversed,  while  there 
may  be  no  loss  in  the  error  curve. 

C.     The  Learning  Curve  under  Speed  and  Accuracy  Instructions 

a.  Series  Practice  from  the  Beginning  of  the  Learning. — 
Under  these  conditions  the  quantitative  results  are  identical  with 
those  secured  under  series  practice  with  accuracy  instructions,  as 
noted  above.  Our  introspective  results  (see  a  later  section  of  this 
paper)  show,  when  the  element  of  speed  is  included  in  the  instruc- 
tions to  beginners,  that,  after  the  first  few  strokes,  the  instructions 


Fia  6.  Ordinate  indicates  time  and  errors;  abscissa,  successive  drciiits. 
Curve  of  Subject  No.  z6,  secured  under  speed  and  accuracy  instructions,  with 
recess  period  practice  of  one  circuit  per  day.  Note  that  botii  tiie  time  and 
error  elements  alternate  as  in  Fig.  4,  thus  indicating  that  the  t>asis  of  the 
alternation  is  the  recess  period  practice  and  not  the  instructions  to  the  sd[>ject. 
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are  "discounted"  and  the  subject  proceeds  to  trace  the  star  with 
an  'accuracy  only'  Aufgabe,  No  improvement  at  all  can  take 
place  in  the  early  stage  of  the  learning  until  a  recess  period  is  in- 
serted between  circuits, — ^a  case  we  have  already  discussed. 

b.  Recess  Period  Practice  from  the  Beginning  of  the  Learning. 
— ^Fig.  6  presents  a  learning  curve  secured  under  these  conditions. 
In  this  curve  it  will  be  observed  that  the  early  high  rate  of  im- 
provement is  shown  in  both  the  time  and  error  curves.  Through- 
out the  remainder  of  the  curve  there  appears  to  be  an  alternation 
in  the  improvement  of  the  time  and  errors,  i.e.,  a  selection  of  one 
or  the  other  element  of  the  learning.  In  other  words,  it  seems 
that  the  attention  of  the  subject  may  be  directed  to  an  elimination 
of  errors  or  to  the  securing  of  a  high  rate  of  speed,  but  may  not 
be  directed  to  both  simultaneously;  at  any  rate  a  high  degree  of 
efficiency  cannot  be  secured  in  both  elements  of  the  learning  at  the 
same  time,  excepting  in  the  very  earliest  stage  of  the  learning, 
which  we  have  called  the  initial  drop  of  the  curve.  In  later  sec- 
tions we  hope  to  show  why  simultaneous  improvement  cannot 
occur  in  the  time  and  error  curves  under  recess  period  practice 
conditions. 

c.  Recess  Period  Practice  at  the  Beginning  of  the  Learning, 
Followed  by  Series  Prac/iVe.— Under  these  conditions  we  secure 
a  learning  curve  (Figs.  5  and  7)  which  shows  improvement  in 
both  time  and  errors  while  the  recess  period  conditions  are  being 
maintained  during  the  initial  drop  of  the  learning  curve;  and  a 
persisting  improvement  occurs  in  speed  throughout  the  mixed 
recess  and  series  practice.  This  type  of  time  curve  has  never  been 
secured  under  any  other  conditions,  which  may  be  taken  to  show 
the  function  the  series  practice  performs  in  securing  improve- 
ment in  speed  without  loss  in  accuracy.  It  should  be  noted  that 
the  practice  conditions  here  are  mixed,  i.e.,  recess  period  practice 
for  the  first  stage  of  the  learning,  and  recess  and  series  practice 
durii^  the  remainder  of  the  experiment.  This  type  of  practice 
has  uniformly  given  us  the  highest  net  efficiency ,^^  the  most  uni- 

^<^  Thronghoiit  this  study  we  have  avoided  the  use  of  any  mathematical 
fonnisla  for  computing  efficiency.  Such  a  formula  would  necessarily  involve 
both  the  time  and  error  quantities  and  consequently  would  lead  to  definite 
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Fig.  7.  Ordinate  indicates  time  and  errors;  abscissa,  successive  circuits. 
Learning  curve  of  Subject  No.  6,  secured  through  recess  period  practice,  one 
circuit  per  day,  for  the  first  four  days,  and  mixed  series  and  recess  period 
practice  thereafter.  The  check  ( V )  marks  indicate  recess  periods  of  at 
least  one  day;  circuits  not  so  indicated  were  in  series.  Note  the  svnchronous 
fall  of  both  time  and  error  curves  up  to  die  thirtieth  circuit  The  point  R 
indicates  a  recess  period  of  nine  months. 

form  learning  curves,  and  is  precisely  that  type  of  practice  which 
is  usually  found  in  the  uncontrolled  learning  of  practical  life; 
excepting  that,  in  the  latter,  the  recess  period  is  usually  not  pur- 
posely inserted  in  the  early  stages  of  the  learning. 

D.    Discussion 

From  the  foregoing  presentation  of  learning  curves  the  reader 
will  observe  that  the  two  important  objective  factors  in  the  learn- 
ing are  the  recess  period  and  the  instructions  to  the  subject.  We 
have  seen  that  the  recess  period  conditions  the  improvement  in 

loss,  since,  in  that  case,  we  should  lose  sight  of  the  changes  taking  place  in 
each  element  of  the  learning  under  the  different  conditions  of  practice;  and 
it  is  just  such  changes  which  seem  to  be  clearly  shown  by  our  simple  learning 
curves,  indicating  both  the  time  and  error  quantities.  Whenever  a  general 
unanal}rtical  term,  showing  improvement  in  a  rough  way,  was  desired,  we 
have  employed  the  arithmetical  average  of  the  time  and  error  quantities. 
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accuracy  in  the  first  stage  of  the  learning ;  while,  in  later  stages 
of  the  learning,  improvement  in  speed,  without  a  resulting  loss  in 
accuracy,  is  dependent  wholly  upon  series  practice  or  a  long 
repetition  of  recess  period  practice. 

Later  sections  of  this  paper  will  show  that  there  are  two  types 
of  improvement  in  speed;  one  occurs  during  the  initial  drop  of 
the  curve  and  is  due  to  a  shortening  of  the  path  taken  by  the 
stylus  in  tracing  the  star,  and  to  the  elimination  of  delays  when 
the  stylus  is  caught  in  the  niches, — ^this  improvement  in  speed 
results  indirectly  from  the  gain  in  accuracy;  and,  there  is  an 
improvement  in  speed  of  another  type,  which  results  from  a 
physiological  change — facilitation — in  the  neuromuscular  ap- 
paratus, brought  about  by  series  practice  or  a  long  repetition  of 
recess  period  practice. 

The  conclusions  which  we  have  reached  in  this  preliminary 
survey  of  our  data  may  be  summarized  as  follows : 

(i)  Without  the  recess  period  practice  under  accuracy  in- 
structionSy  the  initial  drop  in  the  learning  curve, — ^the  place  of 
greatest  improvement,— <:annot  be  secured;  in  fact,  no  permanent 
improvement  in  accuracy  may  be  secured  in  the  early  part  of  the 
learning,  without  the  interpolation  of  a  recess  interval  between  the 
circuits  of  the  star.  Fig.  2. 

(2)  If  the  recess  period  practice,  under  accuracy  instructions, 
is  continued  beyond  the  initial  drop  in  the  learning  curve,  the  time 
curve,  will  show  a  change  from  positive  to  negative  improvement, 
—our  irradiation  curve, — ^and  thus  continue  to  show  progressive 
loss,  until,  through  repetition,  it  begins  to  show  positive  improve- 
ment ;  while  the  error  curve  continues  to  show  improvement,  or 
remain  stationary,  throughout  the  practice.  Figs.  3  and  4. 

(3)  After  the  initial  drop  in  the  learning  curve  is  completed, 
mixed  series  and  recess  period  practice  will  lead  to  a  simultaneous 
improvement  in  speed  and  accuracy.  Figs.  5  and  7.  Recess  period 
practice  under  the  same  conditions  leads  to  improvement  in  but 
one  element  selected  by  the  learner,  either  speed  or  accuracy,  and 
to  a  loss  in  the  element  not  selected, — ^thus,  when  accuracy  is 
chosen  the  time  curve  becomes  our  irradiation  curve,  Figs.  4 
and  6. 
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(4)  Recess  period  practice  leads  to  deliberate,  slow  move- 
ments, favoring  accuracy;  series  practice  leads  to  rapid  move- 
ments and  favors  speed,  Figs.  2  and  3. 

(5)  In  general  stmimary,  we  may  say  that  in  the  first  stage 
of  the  learning,  the  recess  period  is  the  important  factor,  and  em- 
phasis upon  accuracy  is  encouraged.  In  later  stages  of  the  learn- 
ing, series  practice  becomes  necessary,  which  secures  simultaneous 
improvement  in  speed  and  accuracy,  making  the  speed  and  ac- 
curacy instructions  appropriate. 

2,    Introspective  Analysis  of  the  Learning 

By  far  the  greater  part  of  our  introspections  are  drawn  from 
work  with  our  first  form  of  apparatus.  This  apparatus  was 
chosen  largely  because  the  time  of  making  a  circuit  of  the  star 
was  short  enough  to  admit  of  detailed  introspective  analysis,  and 
also  because  the  geometrical  form  of  the  star, — its  being  divided 
into  twelve  equal  parts,  greatly  aids  the  learner  in  recalling  the 
details  of  his  experience.  Another  factor  which  facilitated  intros- 
pection was  due  to  a  second  mechanical  feature  of  the  star.  By 
referring  to  Figure  i,  it  will  be  seen  that  the  star  is  so  constructed 
that,  when  the  learner  is  seated  directly  in  front  of  the  apparatus, 
four  of  the  sides  of  the  figure  run  in  a  direction  which  is  parallel 
to  the  median  plane  of  the  body  and  eight  sides  run  obliquely  to 
this  plane;  the  former  we  have  called  'vertical'  and  the  latter 
'oblique.'  The  mirror  reverses  the  direction  of  the  oblique  lines 
so  that  the  mirror  image  runs  nearly  at  right  angles  to  the  true 
direction  of  the  groove ;  the  four  grooves  which  are  parallel  to 
the  median  plane  of  the  body  are  changed  in  the  mirror  image 
through  one  hundred  and  eighty  degrees  and,  in  tracing  the  star, 
one  moves  in  a  direction  which  is  exactly  opposite  to  the  apparent 
direction.  The  learner  soon  discovers  this  reversal,  and  from 
the  second  circuit  of  the  star  he  finds  that  these  four  sides  are 
very  easy  to  trace. 

The  star  is  thus  divided,  for  the  learner,  into  difficult  and  easy 
sides  after  the  first  circuit  of  practice.  This  differentiation  was 
found  to  be  of  the  highest  value  in  securing  an  analysis  of  the 
learning  difficulties;  since  the  difficult  directions  are  contrasted 
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with  the  easy  directions  in  the  learning  situation.  The  oblique 
sides  vary  in  difficulty  from  time  to  time  with  each  observer;  but 
they  are  always  the  most  difficult  parts  of  the  star  for  every  ob- 
server. Experiences  which  have  to  do  with  these  oblique  or  diffi- 
cult sides  stand  out  prominently  in  our  introspections. 

Our  introspections  reveal  the  fact  that  in  every  respect  the 
learning  of  mirror  tracing  is  of  the  true  trial  and  error  sort.  In 
a  few  instances,  in  the  earlier  stages  of  the  learning,  subjects 
would  attempt  to  'reason  out'  the  true  direction  of  the  grooves; 
but  in  all  cases,  in  our  experiment,  this  was  immediately  aband- 
oned as  of  no  value,  and  the  subjects  fell  back  into  the  stage  of 
trial-and-success  striving,  until,  by  the  accumulation  of  successful 
movements,  they  finally  succeeded  in  making  a  circuit  of  the  star. 
The  first  successful  movements  are  made  accidentally,  so  far  as 
the  conscious  experience  of  the  learner  is  concerned. 


Fic  a  A  diagrammatic  tracing  of  the  first  side  of  the  sUr.  The  zigzag 
path  ad,  de,  ef,fg  is  an  early  tracing  of  the  path  AB,  while  ab  is  the  first 
tracing  after  a  recess  interval;  with  series  practice  the  zigzag  patfi  remains. 
The  diagrammatic  distortion  lies  in  the  fact  that  a  few  subjecU  will  not 
have  the  zigzag  path  reduced  to  a  smooth  one  so  quickly.  Figs.  2-7>  in- 
clusive, show  Aese  facts  in  quantitative  form. 

A.   Making  the  Start 

In  beginning  his  tracing  of  the  first  side  of  the  star,  the  learner 
employs  a  movement  which  would  be  appropriate  for  tracing  this 
side  if  the  apparent  direction  were  the  true  direction  of  the  path; 
that  is,  his  movement  is  practically  at  right  angles  to  the  true 
direction  of  the  path.  This  movement  leads  to  the  stylus  being 
caught  in  a  niche  on  the  right  hand  side  of  the  path,  d  Fig.  8. 
The  subject  endeavors  to  withdraw  the  stylus  but  each  effort 
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serves  to  force  it  more  tightly  into  the  niche;  the  attempts  to 
withdraw  are  repeated  again  and  again,  the  subject  endeavoring, 
subjectively,  to  withdraw,  while,  in  reality,  he  is  forcing  the  stylus 
more  tightly  into  the  groove.*^  Our  objective  results  show  that 
some  subjects  remain  in  the  first  niche  as  long  as  seventy  seconds ; 
this,  however,  is  exceptional. 

During  the  period  when  the  stylus  is  caught  in  the  niche  a  grad- 
ually increasing  strain  develops  in  the  muscles  of  the  fingers,  wrist 
and  arm,  and  finally  includes  the  muscles  of  the  back.  There  is  an 
increasing  tension  in  the  muscles  of  respiration  which  is  accom- 
panied by  at  first  a  partial,  and  at  times,  a  total  inhibition  of 
breathing.  The  whole  experience  is  unpleasant  and  in  some  cases 
is  described  as  painful,  especially  after  the  experience  has  per- 
sisted for  some  time;  this  is  terminated  by  a  relaxation,  and  in 
some  case^  'giving  up,'  the  degree  of  this  relaxation  var3ring  with 
the  observCT.  In  most  cases  there  is  complete  relaxation  in  the 
tensions  (A  the  arm  and  body;  the  observer  often  falls  back  in  the 
chair,  btfcjfchis  does  not  occur  in  all  cases.  The  most  characteristic 
physiol^cAl  change  is  that  which  takes  place  in  the  respiratory 
apparatus ;  this  consists  in  a  relaxation  and  then  a  complete  rein- 
statement of  breathing. 

The  state  of  general  relaxation  usually  continues  for  a  short 
time;  it  is  terminated  by  the  beginning  of  imaginal  processes 
which  are  directed  to  discovering  the  true  direction  of  the  groove. 
At  this  time  there  are  often  visual  Images  of  the  groove  and  kin- 
aesthetic  manual-motor  images  of  making  movements  down  the 
groove.  These  imagiiial  processes  are  immediately  cut  short  by 
a  return  of  the  eyes  to  the  objective  situation.  Quite  often  the 
movement  which  had  been  made  before  and  which  constituted 
the  attempt  to  go  in  the  direction  the  mirror  indicated,  is  re- 
peated; and  following  this  repetition  there  is  often  a  complete  re- 
versal of  the  movement  made. 

This  new  movement  {de.  Fig.  8)  is  brought  about  by  the  opcra- 

^'•In  connection  with  this  procedure  of  the  subject  an  interesting  thing 
occurs.  He  often  reports  to  the  experimenter  that  the  sides  of  the  star  arc 
magnetized  and  consequently  are  holding  the  stylus  tip  against  the  edge  of 
the  path;  while,  in  reality,  the  subject  is  moving  in  a  direction  contrary  to 
his  subjective  awareness. 
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tion  of  those  muscles  which  are,  physiologically,  antagonistic  to 
the  muscles  controlling  the  first  movement  made  by  the  observer. 
It  is  our  belief  that  this  reversal  is  purely  reflex  and  can  be  ac- 
counted for  by  the  laws  of  physiological  reversal,^*  since  the  ob- 
server introspects  that  he  'found  his  hand  moving  in  the  proper 
direction.'  This  movement  carries  the  stylus  to  the  niche  at  e,  and 
here  the  state  of  stress  and  strain  which  occurred  at  d  is  re-exper- 
ienced, except  that  it  endures  for  a  much  shorter  time:  all  of 
which  is  followed  by  a  reversal  of  the  last  movement  (de).  This 
new  movement  is  inhibited  by  pressing  the  stylus  downward  at  / 
and  swerving  in  the  direction  of  g, — 2l  process  continued  through- 
out all  the  difficult  sides. 

While  our  description  here  is  schematic,  in  the  sense  that  the 
reactions  of  many  subjects  are,  at  first,  much  more  complicated ; 
yet,  it  is  essentially  true  for  all,  and  is  duplicated  precisely  in 
some  of  the  reactions  of  all  of  our  subjects.  Those  whose  re- 
actions are  more  complicated  at  first  will  eventually  reproduce  a 
pattern  as  simple  as  the  above.  Throughout  the  execution  of 
these  movements,  the  observers  introspect  that  they  accidentally 
make  the  movements  which  lead  them  out  of  the  difficult  niches ; 
the  reversal  of  movement,  when  it  does  come,  is  so  quick  that  it 
takes  place  wholly  without  conscious  direction. 

B.     Preliminary  Analysis  of  a  Circuit 

The  first  side  is  much  the  most  difficult  side  during  the  first 
circuit  of  the  star.  Having  traversed  the  first  side,  the  observer 
has  little  difficulty  with  the  second  side, — ^the  reader  will  observe 
(Fig.  i)  that  this  is  one  of  the  sides  running  parallel  to  the 
median  plane  of  the  body.  The  path  of  the  stylus  on  the  second 
side  is  usually  a  straight  line  and  is  made  at  much  higher  speed 
than  the  first  side.  The  second  side  is  one  of  the  subjectively 
'easy'  sides;  and  the  tracing  here  is  always  accompanied  by  a 
marked  feeling  of  pleasantness;  the  observers  invariably  in- 
trospect that  this  side  is  made  with  rather  long,  sweeping  move- 
ments.    When  the  turn  toward  the  third  side  is  reached,  the 

^>  Our  section  on  the  objective  analysis  of  the  learning  situation  will  discuss 
at  some  length  the  physiological  points  here  involved. 
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observer  meets  with  another  difiictilty ;  this  is  another  oblique  side 
which  runs  at  an  oblique  angle  to  the  median  plane  of  the  body. 
The  zigzag  movements,  made  on  the  first  side,  are  instituted 
again  on  the  third  side;  the  progress  up  the  side  proceeds  in 
exactly  the  same  fashion,  but  is  usually  more  rapid  than  on  the 
first  side.  Here  the  introspections  show  that  the  successful  move- 
ments, as  in  the  case  of  the  first  side,  are  hit  upon  by  accident. 
The  tracing  is  characterized  by  unpleasantness  which  in  some 
cases  is  described  as  more  intense  than  on  the  first  side;  the  time 
is  usually  not  quite  so  long  as  in  the  tracing  of  the  first  side,  but 
the  errors  are  often  much  less.  The  zigzag  strokes  are  in  many 
cases  inhibited  by  a  downward  pressure  on  the  stylus  which  is 
responsible  for  the  reduced  number  of  errors.  These  inhibitions 
are  reflex  and  come  when  the  stylus  is  seen  to  approach  the  side. 
Many  of  the  observers  refer  the  unpleasantness  which  is  ex- 
perienced in  tracing  an  oblique  side  to  these  inhibitions  of  the 
forward  movement. 

The  fourth  side  is  another  of  the  oblique  sides  and  consequently 
is  one  of  the  difficult  sides  where  the  zigzag  course  of  the  stylus 
is  continued.  The  time  of  the  tracing  and  the  number  of  errors 
usually  remain  about  the  same  as  on  the  third  side;  and,  when  a 
subjective  estimate  of  the  difficulty  is  asked  for,  it  is  usually  re- 
ported as  difficult  as  the  third  side.  The  fifth  side  is  one  of  the 
easy  sides,  and  the  path  of  the  stylus  here  is  straight  and  few 
errors  are  made  in  tracing  it;  and  this  side  is  quite  often  de- 
scribed as  being  a  resting  place  where  the  observer  relaxes  a  little 
after  his  efforts  made  on  the  third  and  fourth  sides. 

The  sixth  and  seventh  sides  are  found  to  be  difficult;  the  zigzag 
course  of  the  stylus  appears  again;  the  errors  and  the  time  remain 
about  the  same  as  on  the  third  and  fourth  sides.  The  special 
difficulty  connected  with  the  seventh  side  consists  in  the  fact  that 
it  extends  to  the  left.  On  all  of  the  oblique  sides  thus  far,  the 
stylus  has  moved  toward  the  right;  and  the  turning  to  the  left, 
which  now  begins,  is  especially  hard  to  acquire,  certain  learners 
reporting  that  this  is  by  far  the  most  difficult  of  the  sides. 

Having  traced  the  seventh  side,  the  remainder  of  the  star  seems 
to  be  comparatively  easy.    The  obliqpie  sides  are  relatively  diffi- 
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cult,  however;  but  they  are  usually  reported  to  be  much  easier 
than  the  oblique  sides  in  the  first  half  of  the  star.  The  twelfth 
side  varies  in  difficulty  with  the  different  subjects,  yet  it  is  almost 
always  one  of  the  first  of  the  oblique  sides  to  become  easy.  The 
imaginal  material  reported  by  the  subject  throughout  the  tracing 
is  very  meager,  when  working  under  accuracy  instructions,  and 
none  of  the  observers  has  ever  reported  the  presence  of  a  control 
image  during  the  first  five  circuits  of  the  star. 

After  this  preliminary  survey  of  a  circuit  of  the  star,  we  take 
up  our  introspective  analysis  in  detail,  quoting  freely  from  the 
introspections  of  our  observers.**  These  introspections  will  be 
drawn  from  different  stages  of  the  learning  because  of  the  con- 
tribution which  they  seem  to  make  to  the  analysis  of  such  stages. 

C.    The  Reflex  Nature  of  the  Learning 

a.  Getting  Out  of  a  Difficulty. — As  noted  above,  the  first 
movement  the  observer  makes  is  in  the  wrong  direction  and  goes 
in  the  apparent  direction  of  the  groove.  The  experiences  here 
are  characterized  by  an  awareness  of  repeated  efforts  to  withdraw 
the  stylus;  these  are  merely  attempted  movements  which  go  in 
the  wrong  direction  and  serve  to  drive  the  tip  of  the  stylus  more 
tightly  into  the  niche.  These  efforts  are  ultimately  followed  by 
a  general  relaxation  and  a  temporary  shift  of  the  visual  attention 
away  from  the  details  of  the  niche.  Attention  soon  returns  to 
the  general  situation  again,  and  the  second  visual  perception  of 
the  stylus  in  the  niche  is  followed  by  more  attempts  to  move  in 
the  wrong  direction  and  then  there  comes  a  reflex  reversal  of  the 
first  movement.  The  following  introspections  are  typical  de- 
scriptions of  this  phenomenon,  taken  from  recess  period  practice, 
speed  and  accuracy  instructions.** 

^*  Those  of  our  learners  used  chiefly  for  introspection  have  been  called 
'observers.' 

i*It  is  to  be  regretted  that  the  majority  of  our  introspections  are  taken 
from  recess  period  practice.  This  state  of  affairs  is  made  necessary  in  the 
early  part  of  the  learning,  since  it  is  not  wise  to  accumulate  circuits  at  a  time 
when  so  much  occurs  in  the  experience  of  the  subject  and  when  each  circuit 
requires  so  much  time  for  its  completion. 
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Obs.  3  (ist  day  of  practice).  "As  soon  as  I  heard  the  signal  I  proceeded 
to  follow  the  arrow."  (The  arrow  indicated  the  direction  to  be  followed  at 
the  beginning  of  the  circuit).  'Then  my  stylus  struck  the  niche  up  on  the 
twelfth  side.  I  did  not  know  I  was  moving  in  that  direction  until  I  struck 
the  side;  I  tried  to  push  away  but  found  I  was  pushing  against  the  side. 

I  attempted  two  or  three  times  to  get  away  but  could  not;  I  thought  the 
electric  current  must  be  holding  the  stylus  against  the  side;  I  was  aware  of 
intensive  strains  in  my  arm  and  the  whole  a£Fair  was  vexy  unpleasant  Fnallty 
I  gave  up  and  relaxed  for  a  time.  I  again  looked  at  the  star  and  noted  that 
my  stylus  had  moved  partly  out  of  the  niche  during  my  relaxation.  I 
attempted  to  get  away,  but  drove  the  stylus  back  into  the  niche  again.  Then 
the  muscles  of  my  arm  and  shoulder  tightened  and,  with  a  quick  movement, 
I  pulled  the  stylus  out  of  the  niche  and  down  past  the  arrow.  This  move- 
ment carried  me  again  into  the  niches  on  the  first  side." 

Obs,  6,  (ist  day  of  practice).  "I  got  into  a  difficulty  as  soon  as  I  started; 
I  tried  to  get  out  by  moving  first  one  way  and  then  the  other,  but  this  did 
not  help.  I  was  then  aware  of  strains  in  my  hand  and  arm ;  these  strains  be- 
came more  intense,  the  more  I  tried  to  get  out.  Finally  I  moved  right  out 
of  the  niche.  I  did  not  direct  this  last  movement;  I  simply  saw  that  I  was 
moving  in  the  ri^t  direction.  After  this  movement,  whenever  I  saw  I  was 
going  in  the  right  direction,  I  refrained  from  interfering  with  the  movement. 
While  the  strains  were  present  and  I  was  attempting  to  get  out  of  the  niche, 
I  was  aware  of  the  following  in  vocal-motor  imagery:  'Go  in  the  opposite 
direction  to  the  way  it  seems.'  But  I  found  that  this  did  not  help,  for  I  did 
not  know  how  to  go  in  the  opposite  direction,  until  the  new  movement  came 
mechanically." 

Obs.  2,  (ist  day  of  practice).  "I  was  first  aware  of  a  keen  visual  fixation 
of  the  groove  and  of  the  tip  of  the  stylus.  Then  I  observed  that  I  was  in  a 
niche;  I  pulled  out  mechanically.  When  the  stylus  was  going  in  the  right 
direction  I  simply  let  it  go ;  whenever  I  got  caught  I  tried  to  get  the  kinaes- 
thetic  feel  of  the  movement  in  the  right  direction,  but  I  could  not  initiate  this 
new  movement  I  simply  kept  on  the  lookout  for  the  successful  movements 
when  they  came.  On  the  sixth  side  I  got  into  a  difficulty;  I  turned  away 
from  the  mirror  and  was  aware  of  the  strains  in  my  arm.  When  I  looked 
back  I  saw  I  was  moving  in  the  wrong  direction ;  this  movement  was  stopped 
mechanically.  Then  I  was  aware  of  moving  in  a  direction  at  right  angles  to 
the  wrong  movement;  this  new  movement  was  right.  When  I  am  in  a  diffi- 
culty I  am  always  aware  of  a  focal  visual  fixation  of  the  sides  of  the  star 
and  of  the  tip  of  the  stylus." 

Many  difficulties  of  the  same  sort  as  those  we  have  just  de- 
scribed persist  for  many  circuits  of  the  star;  the  behavior  is  much 
the  same  as  shown  above,  although  the  experiences  eventually 
become  short  and  fleeting.  The  following  are  illustrations  of 
these  difficulties  which  come  up  in  later  circuits  of  the  star. 
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Ohs,  J.  (loth  circuit).  ''When  I  get  into  a  difficulty  I  am  aware  of  man- 
ual-motor strains;  the  forward  movement,  or  the  one  which  is  leading  me 
into  difficulty,  is  stopped  mechanically.  I  become  aware  of  a  clear  visual 
fixation  of  the  groove,  and  then  the  successful  movement  comes.  I  find 
no  important  di£Ference  between  my  present  method  of  meeting  a  difficulty 
and  the  method  which  I  employed  at  the  outset  of  the  learning.  The  only 
di£Ference  I  am  able  to  observe  is  that  the  successful  movement  comes  sooner, 
I  do  not  wait  so  long.  Formerly,  in  case  of  difficulty,  the  new  movements 
were  very  short  and  I  stopped  momentarily  after  each  one."  (Do  you  pre- 
image  your  way  out?)  "No;  I  never  do  on  the  difficult  sides;  I  simply  look 
at  the  sides  and  sometimes  move  my  eyes  along  the  path,  and  the  appropriate 
movement  comes.  The  comers  are  most  difficult  for  me,  and,  at  these  points, 
I  am  aware  of  clearly  fixating  the  groove.  On  approaching  a  comer  I  Im- 
mediately slow  down  the  last  movement,  and  the  new  movement  along  the 
next  side  comes  mechanically." 

Ohs*  7  (2nd  circuit).  ''When  I  get  into  a  difficulty  I  move  much  more 
slowly;  I  am  not  aware  of  any  conscious  processes  directing  my  movements. 
I  have  a  clear  visual  awareness  of  the  groove  and  the  tip  of  the  stylus.  When 
I  get  out  of  the  difficulty  I  am  aware  of  visually  fixating  the  plug  ahead ;  this 
is  followed  by  a  rather  quick  movement  down  the  groove." 

Obs,  4,  (5th  circuit).  "I  cannot  describe  clearly  my  method  of  guiding  the 
stylus  in  the  difficult  places.  I  seem  to  stand  by  as  a  spectator  and  watch  my 
hand  doing  it.  When  I  am  on  the  fourth  side,  which  is  the  most  difficult  side 
for  me,  I  am  aware  only  of  clearly  fixating  the  edge  of  the  groove.  There 
are  intensive  strains  in  my  arm  and  hand,  and  the  whole  arm  seems  to  be 
sti£F  and  to  work  as  a  unit" 

Obs,  /.  (loth  circuit).  "At  times  I  am  aware  of  making  the  movement  of 
tracing  a  difficult  side  with  muscles  in  arm  and  hand  somewhat  relaxed;  at 
such  times  the  movements  come  easily.  By  this  I  mean  that  the  strains  in 
my  arm  are  much  less  intense  and  the  movements  are  faster.  This  is  the 
on]y  change  I  am  able  to  observe  which  has  taken  place  on  the  difficult  sides 
since  n^  first  circuit" 

Our  introspections  clearly  show  that  the  learning  begins  by 
trial  and  error  and  continues  throughout  on  this  basis.  The  only 
change  which  takes  place  throi^h  practice  is  the  partly  relaxed 
condition  of  the  muscles  as  described  in  the  foregoing  introspec- 
tion. We  have  no  evidence  of  any  other  factors  in  the  current 
control  of  the  stylus  than  visual  perception,  followed  by  muscular 
strain  which  may  be  unpleasant.  One  of  the  strongest  confirma- 
tions of  this  point  is  the  fact  that  our  observers,  throughout  the 
course  of  the  learning,  insist  that  the  control  comes  entirely 
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through  the  close  visual  fixation  of  the  groove  immediately  ahead 
of  the  stylus  point. 

Ohs,  3.  (2nd  circuit).  ''Most  of  my  movements  on  the  difficult  sides  are 
of  the  zigzag  sort  The  sight  of  a  niche  ahead  serves  to  stop  the  movement 
mechanically."  (5th  circuit)  "All  the  wrong  movements  are  inhibited  by 
a  downward  pressure  of  the  stylus;  I  simply  see  the  stylus  approaching  the 
edge  of  the  groove  and  I  press  down  reflexly.  If  I  watch  the  stylus  tip  and 
the  groove  carefully,  my  stylus  moves  down  the  center  of  the  path  and  does 
not  take  a  zigzag  course  as  it  does  when  I  am  not  attending  closely  to  the 
visual  situation;  formerly  I  zigzagged  from  side  to  side  and  frequently  came 
into  contact  with  the  edge.  Now  I  keep  my  eyes  fixed  throughout  on  the 
edges  of  the  groove." 

Obs.  4,  (2nd  Circuit).  "I  stop  all  the  unsuccessful  movements  mechan- 
ically. I  simply  concentrate  my  visual  attention  and  watch  the  groove.  When 
I  am  watching  carefully,  the  unsuccessful  movements  are  inhibited  before 
they  touch  the  edge  of  the  groove.  There  are  intensive  strains  in  my  arm 
when  these  movements  are  inhibited,  and  I  am  aware  of  having  pressed  down 
on  the  stylus  when  the  movement  was  stopped.  When  I  am  aware  of  being 
in  a  niche,  I  pull  out  of  the  niche  reflexly." 

Obs,  6.  (5th  circuit).  '1  inhibited  all  erroneous  movements  by  pressing 
down  on  the  stylus ;  the  sight  of  the  stylus  moving  toward  the  edge  is  followed 
by  this  reflex  pressing  down.  I  simply  do  it  as  mechanically  as  I  wink  my 
eyes  when  something  is  flying  toward  them." 

Obs.  2,  (5th  circuit).  "I  check  all  tiie  false  movements  mechanically.  I 
clearly  fixate  the  groove  when  the  errors  come,  and  this  is  followed  by  a 
tightening  of  the  muscles  which  results  in  a  stiffening  of  the  forearm." 

Obs.  9.  (5th  circuit).  "All  forward  movements  in  the  wrong  direction  are 
stopped  mechanically;  I  am  aware  simply  of  staring  at  the  sides;  then  mus- 
cular tensions  develop  and  I  am  aware  of  pressing  down  on  the  stylus  when 
it  nears  the  edge  of  the  groove." 

Throughout  the  above  introspections,  secured  in  recess  period 
practice,  it  will  be  seen  that  the  observer  emphasizes  the  me- 
chanical inhibition  of  the  forward  movement.  This  is  character- 
istic of  recess  period  practice,  speed  and  accuracy  instruction, 
under  conditions  when  the  subject  is  selecting  either  speed  or 
accuracy — in  this  case  the  latter — ^but  cannot  improve  in  both 
elements  of  the  learning  simultaneously,  see  Fig.  6,  p.  16.  In 
later  series  practice  tracings,  the  mechanical,  jerky  movements 
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give  way  to  steady,  flowing  movements  and  the  observer  is  un- 
aware of  the  abrupt  inhibition  of  forward  movements. 

b.  Difficult  and  Easy  Sides.— As  was  pointed  out  above,  the 
sides  of  the  star  readily  fall  into  two  classes,— difficult  and  easy. 
The  difficult  sides  may  or  may  not  be  those  which  involve  many 
errors  or  contacts  between  the  stylus  and  the  edge  of  the  path. 
A  careful  comparison  of  the  subjective  estimate  on  the  compar- 
ative difficulty  of  the  sides  with  the  learning  efficiency  thereon, 
fails  to  reveal  the  fact  that  the  basis  of  the  estimate  of  difficulty 
is  the  number  of  errors  made.^^  Introspective  analysis  shows 
clearly  that  difficulty  always  involves  the  presence  of  muscular 
strains  or  tensions.  The  sides  which  are  invariably  easy  are  the 
ones  parallel  to  the  median  plane  of  the  body,  where  the  muscular 
tensions  are  much  less  and  where  the  movements  are  longer  and 
more  sweeping.  A  side  which  is  fotmd  to  be  difficult  is  always 
a  side  where  improvement  is  taking  place;  an  easy  side  is,  in  the 
large  majority  of  cases,  one  where  little  of  importance  takes  place 
and  where  no  improvement  is  being  made.  The  oblique  sides 
are  often  reported  to  be  easy;  and  when  so  reported  the  error  and 
time  records  show  no  improvement.  The  following  typical  in- 
trospections, taken  from  series  practice,  speed  and  accuracy 
instructions,  illustrate  the  foregoing  points : 

Ohs.  2,  (3rd  circtiit)  "On  the  difficult  sides  today  it  seemed  that  there 
was  a  tendency  for  my  hand  to  move  in  the  wrong  direction ;  and  there  was 
a  very  noticeable  sensation  of  strain  when  these  movements  were  inhibited. 
At  these  places  where  strains  occurred  I  am  aware  always  of  fixating  focally 
the  edges  of  the  grooves.  Sometimes  I  find  these  difficult  places  somewhat 
unpleasant.  Usually,  in  the  difficult  places,  I  stop,  make  tiny  excursions,  and 
when  the  correct  movement  comes  it  is  allowed  to  complete  itself." 

Ohs,  2,  (5th  circuit).  '"On  the  seventh  side,  which  is  the  most  difficult 
one  for  me,  I  was  aware  of  intensive  muscular  strains  in  my  hand  and  arm; 
these  strains  were  especially  strong  when  I  was  making  the  zigzag  movements. 
The  strains  in  my  arm  came  after  I  entered  the  groove  on  the  difficult  side; 
the  situation  seemed  to  be  clearly  objective  on  this  side.  I  was  aware  of 
fixating  the  tip  of  the  stylus  and  the  edges  of  the  groove  most  of  the  time." 
(The  tracing  of  this  side  showed  great  improvement  of  this  circuit). 

^  To  facilitate  l&e  matter  of  determining  the  efficiency  on  the  difficult  and 
easy  sides,  apparatus  /  was  modified  by  placing  copper  plugs  in  the  path  at 
each  vertex;  with  this  variant  we  obtained  the  time  and  error  data  for  the 
tracing  of  each  side. 
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Obs.  2.  (7th  circuit).  "The  seventh  side  was  difficult  for  me  today.  There 
was  great  effort  there  to  avoid  errors;  this  effort  consisted  in  a  very  slow 
movement  when  I  found  myself  near  the  sides.  When  the  new  movement 
came,  I  speeded  up  automatically  if  it  went  in  the  rig^t  direction ;  if  the  move- 
ment went  in  the  wrong  direction,  I  was  first,  aware  of  stopping,  and  then  of 
strains  in  my  arm.  There  were  no  mental  processes  between  the  seeing  that 
I  was  going  wrong,  the  stopping  of  the  bad  movement,  and  the  change  of 
the  new  movement  The  whole  tracing  on  this  side  was  slightly  unpleasant" 
(The  objective  records  show  that  the  tracing  on  this  side  has  improved  in  both 
time  and  errors). 

Obs.  2.  (8th  circuit).  "On  the  seventh  side  today  I  was  aware  of  making 
little  movements  and  also  of  visually  fixating  the  tip  of  the  stylus.  This  has 
become  my  procedure  on  all  difficult  sides.  I  do  not  set  out  with  any  purpose 
to  do  this ;  I  merely  am  aware  of  sensations  of  muscular  strain  and  these  were 
slightly  unpleasant"  (The  tracing  on  this  side  shows  improvement  in  this 
circuit). 

Obs.  2.  (gth  circuit.)  **The  seventh  side  was  easy  today.  I  think  I  went 
faster  there ;  before  I  had  completed  this  side  my  eye  had  gone  to  the  next, 
and  I  was  aware  of  muscular  tensions  in  anticipation  of  it  There  was  a 
slight  relaxation  of  the  muscles  of  my  arm  on  the  seventh  side  and  I  did  not 
fixate  the  edges  of  the  groove  so  carefully  as  I  do  at  times."  (The  seventh 
side  today  shows  an  improvement  in  time  and  an  increase  in  the  number  of 
errors). 

Obs.  3.  (3rd  circuit).  'The  sight  of  the  grooves  on  the  sixth  side  seemed 
to  slow  the  forward  movement  of  my  stylus.  I  had  automatically  speeded 
up  on  the  fifth  side  and  was  going  at  a  good  speed  when  I  became  aware  of 
the  sixth  side.  The  visual  perceptions  of  it  seemed  to  turn  my  stylus  reflexly 
into  the  groove  of  the  sixth  side.  The  first  movement  I  made  was  wrong; 
my  visual  perception  served  to  inhibit  this  movement  I  was  then  aware  of 
little  short  movements  which  were  rather  aimless;  then  a  successful  move- 
ment came  and  I  allowed  it  to  complete  itself.  There  were  intensive  strains 
in  my  arm  on  this  side  and  the  tracing  was  somewhat  unpleasant  I  carefully 
watched  the  edges  of  the  groove."  (The  tracing  today  showed  great  im- 
provement). 

Obs.  3.  (4th  circuit).  "I  had  difficulty  with  the  sixth  side.  I  saw  the 
stylus  was  about  to  touch  the  edge;  this  served  to  stop  me  reflexly.  My 
stylus  moved  to  either  side  in  a  zigzag  fashion  and  was  stopped  when  I  was 
about  to  touch  the  edge.  I  was  then  aware  of  a  movement  down  the  middle 
of  the  path, — which  seemed  to  come  of  itself.  This  movement  carried  me 
along  the  side.  There  were  intense  strains  in  my  hand  and  arm,  and  the 
tracing  was  somewhat  unpleasant."  (The  tracing  shows  improvement  in 
both  time  and  errors). 

Obs.  3.   (loth  circuit).    "On  the  sixth  side  I  was  aware  of  some  short 
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movetnents.  However,  I  was  not  aware  of  very  much  strain  during  the 
circuit  of  the  sixth  side.  The  eighth,  ninth,  and  tenth  sides  were  also  very 
easy  for  me  today."  (The  sixth,  seventh,  eighth,  ninth  and  tenth  sides  all 
show  a  loss  in  accuracy  during  this  circuit). 

Obs,  6.  (8th  circuit).  "I  do  not  anticipate  the  difficulty  of  a  side  until  I 
begin  to  trace  it,  but  I  am  always  aware  of  the  difficulty  of  a  side  after  I  pass 
it;  the  basis  of  the  difficulty  of  the  sides  seems  to  be  the  muscular  strains  that 
were  there." 

The  reader  should  note  that  the  stylus  always  pursues  a  zigzag 
course  in  the  earlier  tracings  of  a  difficult  side.  This  course,  as 
our  objective  and  physiological  analysis  will  show,  is  modified 
by  the  effect  of  the  recess  intervals  into  a  course  which  is  prac- 
tically a  straight  line  extending  down  the  middle  of  the  path. 
Thus  it  is  seen  that,  in  the  earlier  tracings,  the  forward  move- 
ment of  the  stylus  is  accomplished  by  means  of  alternate  right 
and  left  lateral**  movements  with  a  general  forward  trend;  while 
in  the  later  tracings,  the  forward  movement  is  secured  by  means 
of  a  simultaneous  functioning  of  those  muscles  concerned  with  the 
lateral  movements,  together  with  certain  other  muscles  which  pro- 
duce the  forward  movement.  It  is  this  simultaneous  functioning, 
or  fimctioning  in  close  succession,*^  of  opposed  musculature 
which  gives  rise  to  the  'stifF  arm,  reported  by  all  our  observers 
attempting  to  secure  accuracy  imder  the  conditions  of  recess 
period  practice;  and  in  our  opinion,  it  is  the  'stifF  arm  which 
affords  the  physiological  basis  for  the  feeling  of  difficulty,  always 
somewhat  unpleasant 

The  unpleasant  muscular  tensions  occurring  on  a  difficult  side 
are  followed  by  a  marked  relaxation,  when  the  tracing  of  the  side 
is  completed ;  especially  is  this  the  case,  when  the  difficult  side  is 
followed  by  an  easy  side.  And  this  relaxation  is  the  physiological 
basis  of  the  pleasure  which  results  from  the  successful  tracing  of 
a  difficult  side.    This  'satisfyingness,'  as  Thomdike  (49)  would 

^^  By  lateral  movement,  we  mean  any  deviation  of  the  zigzag  movements 
away  from  the  general  trend  of  the  forward  movement.  Thus,  if  the  general 
trend  of  the  forward  movement  is  toward  the  right,  then  up  or  down  de- 
viations from  this  forward  trend  would  be  termed  lateral  movements. 

^7  The  reader  is  referred  to  the  following  section  for  a  detailed  analysis  of 
the  physiological  aspect  of  the  problem. 
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term  it,  is,  in  our  opinion,  nothing  more  than  an  indicator  pointing 
to  the  fact  that  the  tensions  and  strains  on  the  difficult  side  are 
ended  and  thus  they  mark  the  transition  from  one  physiological 
state,  tension,  to  another  state,  rdaxation. 

c.  The  Influence  of  Sattsfyingness  upon  Improvement — 
Our  introspections  show  that  the  successful  tracing  of  a  difficult 
side  is  very  often  followed  by  a  feeling  of  satisfaction."  This 
feeling,  in  our  opinion,  results  from  the  muscular  relaxation  which 
attends  the  completion  of  a  difficult  tracing  and  has  no  effect 
whatsoever  upon  the  learning;  while  Thomdike  makes  the  feeling 
of  satisfyingness  of  prime  importance  in  the  selection  of  the  suc- 
cessful responses.  The  following  introspections  will  show  the 
occurrence  of  this  affective  state  in  tracing  the  star : 

Obs.  3,  (5th  circuit).  "As  I  approached  the  third  side  I  had  a  faint 
auditory-motor  Aufgabe  'go  slowly  around  comer.'  This  was  carried  out  and 
I  moved  around  the  comer  in  a  straight  line,— the  usual  zigzag  course  of  the 
stylus  was  absent  this  time,  which  gave  me  a  definite  feeling  of  pleasure.  On 
the  third  side  I  came  near  touching  the  side ;  this  was  followed  by  very  slow 
movements  which  led  me  along  the  side  without  any  errors,  and  was  very 
pleasant." 

Obs,  2.  (4th  circuit).  "On  side  one  the  first  move  the  stylus  made  hap- 
pened to  be  the  correct  one.  There  was  no  tendency  to  swerve  from  side  to 
side  and  I  completed  this  side  without  an  error;  this  was  followed  by  a 
marked  relaxation  and  a  feeling  of  pleasantness.*' 

We  are  quite  unable  to  see  that  this  satisfyingness  which  fol- 
lows the  satisfactory  tracing  of  a  difficult  side,  or  the  making  of 
a  successful  stroke,  can  in  any  way  influence  the  reappearance  in 
later  practice  of  those  responses  preceding  or  concomitant  with 
the  affective  state.  That  the  movements  followed  by  rdaxation 
(satisfyingness)  will  often  be  repeated  more  or  less  in  their 
original  form  is  assured  by  the  fact  that  they  were  fully  com- 
pleted,— z,  state  of  affairs  further  attested  by  the  fact  that  they 
call  forth  no  further  strains  or  effort  in  the  reflective  memory  of 
the  observer  during  his  act  of  introspection." 

"  The  reader  is  referred  to  Thoradike's  Original  Nature  of  Man,  Educa- 
tional Psychology,  VoL  I,  for  a  good  account  of  his  view  of  the  part  played 
by  the  feeling  of  satisfaction  in  learning. 

^*  Joseph  Peterson,  in  a  recent  article,  (35)  has  ably  supported  this  same 
contention;  also  John  B.  Watson,  Behavior,  Henry  Holt,  New  York,  1914, 
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It  is  the  progressive  modification  of  movements  that  conditions 
improvement  in  this  investigation,  not  the  'stamping  in'  of  success- 
ful responses,  as  in  Thomdike's  view.  This  is  clearly  shown  in 
our  physiolc^ical  analysis  of  the  learning.  On  those  sides  of 
the  star  (the  vertical  sides)  where  every  movement  is  followed  by 
the  feeling  of  satisfyingness,  practically  no  improvement  takes 
place  from  the  first  circuit  to  the  end  of  practice ;  the  improvement 
occurs  on  the  difficult,  oblique  sides. 

In  the  earlier  stage  of  the  learning  the  highest  rate  of  improve- 
ment we  have  observed  in  this  problem  has  occurred  where  the 
subject  IS  given  accuracy  instructions  and  recess  period  practice 
of  one  circuit  per  day,  or  with  recess  of  twenty-four  hours. 
Under  such  conditions  the  improvement  comes  about  wholly 
through  the  resolution  of  a  zigzag  course  of  the  stylus  into  a 
stra^ht  course  down  the  middle  of  the  groove.  We  have  already 
tentatively  shown  in  our  summary  of  the  learning  curve,  which 
will  be  supplemented  by  other  material  in  a  later  section,  that 
the  recess  period  is  responsible  for  this  change  in  the  course  of  the 
stylus.  The  recess  period  resolves  a  zigzag  course  with  marked 
lateral  movements  into  a  smooth  course  with  no  lateral  move- 
ments; from  which  effect  there  results  often  a  marked  improve- 
ment in  speed  and  accuracy  in  the  first  repetition  after  the  recess. 

From  such  evidence  it  is  readily  seen  that  no  selecting  agent, 
such  as  the  'satisfyingness  of  a  response,'  is  operating  to  'select 
out*  the  successful  responses  made  in  a  series  of  random  move- 
ments— ^the  basis  of  the  Thomdike  view,  since  the  successful  re- 
sponses, straight  course  of  stylus,  did  not  occur  at  all  in  the  trac- 
ing before  the  recess.  An  entirely  new  movement  has  come  about, 
the  result,  as  we  shall  show  in  the  following  section,  of  the  simul- 
taneous functioning  of  opposed  muscles  which,  prior  to  the  recess, 
functioned  in  succession.  The  learning  takes  place  without  selec- 
tion and  no  selector  is  needed, — the  recess  period  alone  being  ade- 
quate to  produce  such  physiological  changes  as  will  lead  to  the  im- 
provement.*® 

Chap.  VII,  points  out  that  the  known  laws  of  frequency,  recency,  etc,  are 
quite  adequate  for  fixing  arcs  in  habit  formation. 
s^^Thomdike's  view  has  been  formulated  wholly  to  fit  the  case  of  improve- 
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D.    Typical  Behavior  under  Instructions 

We  have  already  touched  upon  many  of  the  features  clmracter- 
istic  of  an  observer's  behavior  when  avoiding  errors,  or  when 
speeding  up;  we  shall  now  go  into  some  detail  in  an  analysis  of 
this  behavior.  Observers  were  given  the  two  types  of  instruc- 
tions at  various  stages  of  the  learning,  one  type  insisting  upon 
speed,  and  the  other  upon  accuracy.  Introspections  were  secured 
from  all  of  our  observers  working  under  these  two  types  of  in- 
struction ;  but  we  made  a  special  attempt  to  obtain  a  more  acctuate 
analysis  from  two  of  our  observers,  2  and  9,  who  possessed  a  high 
degree  of  skill  in  introspecting,  and  we  shall  select  our  citations 
largely  from  their  introspections. 

a.  Behavior  under  "Accuracy  Instructions. — ^The  most  char- 
acteristic feature  of  the  learner's  behavior  under  these  instructions 
is  his  clear  fixation  of  the  edges  of  the  groove.  When  instructed 
to  avoid  errors,  he  immediately  begins  to  fixate  the  groove ;  and, 
during  the  fore-period,  becomes  aware  of  strain  sensations  and  of 
incipient  movements  along  the  first  side  of  the  star.  (We  have 
called  the  fore-period  that  period  of  time  which  intervenes  be- 
tween the  instructions  and  the  beginning  of  the  tracing  of  the 
circuit).  The  fore-period  is  characterized  by  a  great  variety  of 
imaginal  and  affective  content,  which,  however,  disappears  when 
the  movements  of  tracing  are  in  progress ;  there  remains  merely 
the  clear  visual  fixation  of  the  edges  of  the  groove,  and  the  strain 
sensations  from  the  muscular  responses  to  the  objective  situation, 
with  a  high  degree  of  affective  toning.  The  following  introspec- 
tions will  illustrate  this  point. 

Obs.  9.  (4th  circuit)  Fore-period:  "On  hearing  the  instructions  I  was 
aware  of  a  keen  physical  alertness ;  and  before  I  looked  at  the  star  there  was 
a  mass  of  visual  imagery;  prominent  among  these  visual  images  was  that  of 
a  record  with  arrow  marks  upon  it  Then  I  perceived  the  star;  my  eyes 
rested  upon  the  starting-point  for  an  instant,  then  moved  down  the  side. 

ment  after  many  repetitions  of  an  act,  which  is  clearly  evidenced  by  his 
extreme  emphasis  upon  'use'  in  the  formation  of  bonds.  His  strictures  against 
Book  and  Swift  (Educ.  Psychology,  VoU  II,  p.  314)  furnish  still  further 
evidence  that  he  is  unable  to  deal  ssrmpathetically  with  those  who  would  put 
any  improvement  upon  the  basis  of  cerebral  growth  or  'automatic  organiza- 
tion of  bonds.' 
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The  motor  side  of  consciousness  became  intensive,  and  I  was  aware  of  an 
incipient  tendency  to  move  my  hand  along  the  groove;  this  consisted  of 
kinaesthetic  sensations  in  my  arm  and  shoulder.  The  muscles  were  tensely 
contracted  in  the  shoulder  and  upper  forearm."  Beginning  of  a  Circuit: 
"Your  signal,  together  with  the  readiness  above  referred  to,  was  the  im- 
mediate antecedent  to  my  starting  off.  At  first  there  was  just  a  visual  per- 
cept of  the  movement;  then  I  glanced  at  the  plug  ahead  and  was  aware  of  a 
movement  around  the  comer.  As  I  turned  the  comer  I  was  aware  of  clearly 
fixating  the  niches,  my  line  of  regard  being  just  in  front  of  the  tip  of  the 
stylus.  When  I  passed  the  comer  and  came  to  the  vertical  side,  attention 
shifted  to  the  muscles  of  my  arm;  I  was  aware  here  of  the  ease  and  lack 
of  strain  in  the  movements  and  was  also  aware  of  speeding  up  reflexly.  My 
visual  line  of  regard  was  much  farther  ahead  of  the  stylus  when  I  was  moving 
faster.  When  I  came  to  the  eighth  side,  I  perceived  the  whole  side  at  one 
glance;  this  was  an  easy  side  and  I  made  it  in  one  stroke.  On  the  ninth 
side  I  was  aware  of  a  dull  pain  in  my  shoulder  and  arm  as  the  stylus  moved 
along;  I  fixated  the  niches  of  the  side  and  my  control  seemed  to  come  entirely 
from  this  visual  perception."  (5th  circuit,  no  recess  period  between  4  and  5). 
"This  circuit  was  much  less  difficult  than  the  former ;  I  gripped  the  stylus  less 
ti^tly,  moved  faster,  and  my  visual  attention  was  directed  much  farther 
down  the  groove." 

Ohs,  p.  (6th  circuit,  after  recess).  Fore-period;  *T  had  vocal-motor 
images:  "Reduce  errors.'  Then  I  was  aware  of  clearly  perceiving  the 
groove;  this  was  followed  by  gripping  my  stylus.  There  was  an  increasing 
tension  in  my  arm  and  shoulder."  Beginning  of  the  Circuit:  "On  the  signal 
I  was  aware  of  a  keen  visual  fixation  of  the  edges  of  the  groove,  and  the 
movement  of  the  stylus  down  the  groove.  I  also  noted  a  sense  of  heaviness 
in  my  muscles  as  I  approached  the  comer ;  this  seemed  to  be  chiefly  a  dragging 
sensation  in  my  arm  and  shoulder,  and  was  always  a  characteristic  of  my 
accuracy  Aufgdbe,  At  the  comer  there  was  also  concentrated  visual  attention 
on  the  niches.  As  I  proceeded  around  the  star  I  was  aware  that  my  visual 
line  of  regard  was  progressing  farther  and  farther  from  the  tip  of  the  stylus ; 
I  was  also  aware  of  moving  faster  at  such  times.  This  awareness  of  speed 
was  followed  by  an  increased  pressure  on  the  stylus,  which  reduced  my  speed." 

Obs.  9.  (7th  circuit,  no  recess  between  6  and  7).  "In  this  circuit  there  was 
much  less  tension  in  my  muscles  and  my  visual  line  of  regard  remained  much 
farther  ahead  of  my  stylus  than  in  the  first  circuit.  I  was  aware  of  moving 
faster  and  faster  as  I  proceeded.  At  times  I  was  aware  of  a  visual  percep- 
tion which  seemed  to  include  the  whole  star;  and  at  such  times  my  speed  was 
very  marked.  After  getting  caught  in  a  niche  I  was  aware  of  tiie  Aufgabe 
to  decrease  my  errors;  this  consisted  of  a  memory  image  of  rapid  movement 
in  previous  circuits  with  visual  and  kinaesthetic  images  of  errors.  All  of 
this  developed  into  a  keen  concentration  on  the  groove  immediately  in  front 
^of  my  pencil  point;  there  was  also  an  awareness  of  increased  pressure  on 
the  stylus,  and  a  stiffness  in  the  muscles  of  the  arm  and  shoulder." 
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In  the  above  introspections  we  have  an  unusually  clear  account 
of  the  gradual  development  of  speed  under  series  practice  con- 
ditions, which,  in  an  earlier  section  of  this  paper,  was  shown  to 
take  place  when  circuits  are  accumulated  without  intervening 
recess.  (See  Figs.  2  and  3.)  A  striking  characteristic  of  the 
development  of  speed  through  series  practice  is  the  fact  that  visual 
attention  spreads  over  larger  and  larger  areas  of  the  star.  In 
recess  period  practice  the  visual  perception  is  narrowed  down 
to  the  tip  of  the  stylus  and  the  edge  of  the  groove  on  either  side 
of  the  stylus.  Another  significant  point  in  the  above  introspec- 
tions is  this  observer's  dear  analsrsis  of  his  accuracy  Aufgabe, 
which  consists  simply  of  a  close  visual  fixation  of  the  objective 
situation,  with  pronotmced  muscular  strains  in  the  arm  and  upper 
trunk.  The  foUownig  introspection  is  significant  because  it  re- 
veals the  extreme  emphasis  upon  accuracy  after  a  long  recess. 

Ohs,  9.  (8th  circuit,  two  weeks  after  the  foregoing  circuit).  Fore-period: 
"I  was  aware  of  vocal-motor  imagery:  'Decrease  error.'  Then  I  had  a 
visttal  image  of  seeing  my  hand  go  around  the  groove;  I  was  aware  of  a 
gradually  increasing  tension  in  my  arm  and  shoulder,  and  became  impatient 
to  begin.  There  were  incipient  movements  of  beginning."  Beginning  the  cir^ 
cmt:  "As  I  began  there  was  a  very  close  concentration  of  visual  attention 
on  the  center  of  the  grove ;  the  movement  was  slow  and  there  was  a  marked 
muscular  strain;  at  the  comer  I  gripped  the  stylus  tightly  and  watched  the 
niches  carefully.  On  the  difficult  sides  in  this  circuit  I  was  aware  of  great 
muscular  strains ;  it  seemed  as  thou£^  I  were  pushing  against  a  wall,  in  fact, 
I  actually  visualized  a  wall  at  such  times.  On  the  eighth  side  I  was  caught  in 
a  niche,  this  was  followed  by  an  auditory  image,  'accuracy/  in  terms  of  your 
voice ;  then  I  was  aware  of  the  return  of  the  accuracy  Aufgabe  which  I  have 
already  described." 

The  following  introspection  furnishes  a  more  complete  an- 
alysis of  this  observer's  accuracy  Aufgabe.  The  observer  had 
been  asked  to  seat  himself  before  the  star  and  then  to  wait  for  the 
instructions. 

Obs.  9.  (9th  circuit).  "When  I  sat  down  before  the  star  I  was  aware  of 
a  gradually  increasing  adjustment  to  the  total  situation.  This  consisted  of 
muscular  strains  of  sitting  up  straighter  in  my  chair,  glances  at  the  star, 
and  at  times  a  focal  visualization  of  the  starting-point  Then  after  your  in- 
structions I  repeated  them  to  myself  in  vocal-motor  imagery."  Beginning  of 
Circuit:  "On  the  signal  there  was  a  sudden  rise  in  the  focal  intensity  of  the 
visual  perception.  There  was  no  kinaesthetic  image  of  movement;  I  was 
simply  aware  of  moving  down  the  groove  with  my  eyes  fixed  on  the  tip  of 
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the  stylus  and  upon  the  edges  of  the  groove  on  either  side.  I  was  often  aware 
of  the  instructions  in  auditory  imagery,  which  was  followed  by  a  clear  visual 
awareness  of  the  groove  at  the  tip  of  my  stylus,  and  then  I  was  aware  of 
strains  in  my  arm  and  shoulder, — ^the  arm  seems  to  be  quite  sti£F.  All  this 
constitutes  my  accuracy  Aufgabe" 

The  reader  will  observe  that  throughout  all  the  introspections 
quoted,  there  is  one  element  of  control, — ^the  dear  visual  percep- 
tion of  that  portion  of  the  groove  which  lies  immediately  in  front 
of  the  stylus.  As  speed  develops,  the  line  of  visual  r^^rd  moves 
away  from  the  stylus  and  the  visual  perception  seems  to  be  spread 
out;  when  a  difficult  place  is  encountered,  the  visual  line  of  re- 
gard returns  to  the  tip  of  the  stylus.  This  is  often  followed  by 
an  imaginal  representation  of  the  instructions.  All  of  our  in- 
trospections show,  however,  that  this  representation  of  the 
instructions  does  not  appear  in  advance  of  the  strain  sensations 
which  are  characteristic  of  the  accuracy  Aufgabe.  In  the  vast 
majority  of  our  introspections,  the  verbal  instructions  do  not 
appear  after  the  tracing  of  the  circuit  has  begun. 

We  shall  now  quote  a  typical  introspection  of  Observer  2.  The 
practice  here  was  under  the  accuracy  instructions. 

Obs,  2.  (3rd  circuit).  Fore-period:  *1  was  first  aware  of  a  remem- 
brance of  the  last  circuit.  I  had  a  visual  image  of  holding  my  stylus  in  a 
slanting  position ;  I  saw  the  contact  on  the  plug  and  the  electric  spark.  This 
was  followed  by  an  adjustment  of  the  stylus  in  which  I  raised  it  to  a  perpen- 
dicular position."  Beginning  of  Circuit:  ''On  a  signal  I  started  out  me- 
chanically; the  first  movement  happened  to  be  right  I  was  aware  of  intense 
and  shallow  breathing;  there  was  a  tension  about  the  face,  jaws,  and  a  gritting 
of  the  teeth  as  I  approached  the  comer;  this  was  concomitant  with  a  clear 
visual  awareness  of  the  comer.  Throughout  this  whole  circuit  I  clearly 
perceived  the  groove  just  in  front  of  my  stylus.  Sometimes  there  were  move- 
ments in  the  wrong  direction;  these  were  inhibited  mechanically.  When  I 
was  not  under  strain  I  noted  that  the  speed  of  my  movement  had  increased; 
when  I  was  aware  of  speed  my  line  of  visual  regard  was  always  far  ahead 
of  the  tip  of  the  stylus." 

b.  Speed  and  Accuracy  Instructions. — ^Under  this  type  of  in- 
stfuctions  we  have  a  somewhat  different  behavior,  yet  one  that  is 
identical  with  that  which  obtains  in  the  speeding-up  places  tmder 
the  accuracy  instructions.  In  the  speed  and  accuracy  instructions 
the  observers  were  instructed  to  go  around  the  star  as  fast  as 
possible  and  avoid  errors  as  far  as  possible.    It  should  be  noted 
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in  these  introspections  that  we  have  an  occasional  reference  to  the 
use  of  kinaesthetic  control  image. 

In  the  following  introspection  the  observer  was  attempting  to 
secm*e  speed  and  accuracy  tmder  recess  period  conditions;  this 
leads  to  an  alternation  between  the  speed  and  accuracy  attitudes 
and  involves  an  extraordinary  amount  of  muscular  strain  and 
feeling  of  effort  on  the  part  of  the  observer. 

Ohs.  2,  (15th  circuit).  Fore-period:  ''When  speed  and  accuracy  instmc- 
tions  were  given  I  was  aware  of  clear  kinaesthetic  strains  in  my  shoulder, 
and  there  was  a  very  strong  tendency  to  start  before  the  signal  came.  There 
was  great  muscular  tension  throughout  my  body."  Beginning  of  Circuit: 
"I  began  with  my  attention  on  the  kinaesthetic  situation.  There  were  strains 
in  my  arm,  shoulder  and  back.  I  had  a  kinaesthetic  image  of  movement  down 
the  first  side;  this  was  followed  by  the  movement  I  was  aware,  as  I  pro- 
ceeded, of  increasing  muscular  strains :  these  were  localized  in  the  muscles  of 
the  back  and  arms.  There  was  a  rapid  increase  in  the  rate  of  the  heart  beat 
I  made  many  errors  and  was  caught  a  number  of  times  in  the  niches ;  I  went 
much  more  slowly  after  being  caught  On  the  whole,  the  last  half  of  the 
star  was  traced  more  slowly  than  the  first,  and  my  attention  was  more  on 
the  niches  and  the  general  visual  situation,  and  less  on  the  kinaesthetic  ele- 
ments. When  I  reached  the  starting  place  I  observed  that  I  had  gone  around 
the  star  the  wrong  way.*' 

In  the  above  introspection  it  will  be  observed  that,  during  prac- 
tice in  speed,  the  learner's  attention  shifts  from  the  visual  to  the 
kinaesthetic  situation;  this  we  observed  to  be  the  case  in  the  ac- 
curacy practice  whenever  speed  was  developed  at  the  easy  places; 
after  the  errors  were  made,  however,  when  accuracy  became  neces- 
sary, attention  shifted  back  to  the  objective  situation.  It  should 
also  be  noted  that  the  learner  began  with  a  kinaesthetic  control 
image  which  is  the  first  to  be  reported  so  far.  The  observer  also 
traced  the  star  the  wrong  way ;  that  is,  he  b^gan  with  the  twelfth 
side  and  ended  with  the  first  side.  (If  the  reader  will  turn  to 
Fig.  I,  he  will  note  that  the  twelfth  side  extends  upward  and  is  in 
the  apparent  direction  of  the  first  side;  in  other  words,  the  mirror 
image  simply  reverses  the  relative  position  of  the  twelfth  and  first 
sides). 

The  two  following  quotations  are  presented  here  because  of 
the  light  they  throw  upon  the  working  of  a  plan  of  procedure. 
These  two  were  chosen  from  a  host  of  others,  all  of  which  bear 
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out  the  same  points,  namdy, — ^that  no  conscious  use  of  a  plan  or 
device  is  of  value  in  tracing  the  star,  except  the  plan  of  tracing 
deliberately.  The  experieniced  subject  starts  out  slowly  and 
moves  deliberately,  even  though  he  be  instructed  to  trace  at  his 
highest  speed ;  this  we  have  called  the  discoimting  of  the  speed 
instructions.  However,  this  discounting  of  the  instructions  occurs 
only  when  the  subject  is  working  under  speed  and  accuracy  in- 
structions. 

Obs.  9.  (40th  circuit).  Fore-period:  "Before  ^e  instructions  were  given, 
I  was  engaged  in  working  out  a  plan  of  procedure.  I  decided  to  hold  the 
stylus  vertically  at  all  times  and  grip  it  tightly."  Begmning  of  CiraUt:  "  As 
soon  as  I  heard  the  signal  there  was  a  rapid  plunge  along  the  first  side.  My 
eyes  were  fixed  on  the  objective  situation;  the  movements  were  very  me- 
chanical ;  there  were  strains  in  my  arms  and  in  the  musds  of  my  shoulder  and 
back.  At  times  I  speeded  and  at  times  I  went  very  slowly.  At  the  speed 
places  my  eyes  were  directed  far  ahead  of  the  stylus;  but  at  the  difficult 
places  I  perceived  clearly  the  tip  of  the  stylus  and  the  edges  of  the  groove 
on  either  side.  My  stylus  was  caught  a  number  of  times  during  the  circuit 
and  I  found  that  I  was  unable  to  make  use  of  my  plan  of  procedure.  It 
seemed  that  the  objective  situation  determined  my  reaction." 

Ohs,  2.  (20th  circuit,  5th  circuit  under  the  special  caution  to  introspect 
her  plan  of  procedure).  Fore-period:  "In  this  fore-period  I  was  aware  of 
working  out  a  plan  of  procedure.  I  first  had  visual  images  of  moving  very 
rapidly  arotmd  the  star  without  touching  the  sides ;  then  I  had  a  visual  image 
of  getting  caught  This  was  followed  by  intense  unpleasantness  and  vocal- 
motor  imagery,  Vou  had  better  go  slow^  at  first'"  Begintiing  of  Circuit: 
"On  the  signal,  my  visual  attention  narrowed  down  to  the  tip  of  the  stylus 
and  the  groove.  I  started  in  with  slow  movements,  but  on  the  fifth  side 
my  visual  attention  moved  ahead  of  the  stylus  and  I  was  aware  of  speeding: 
the  last  half  of  the  circuit  was  made  at  much  higher  speed."  (Was  your  plan 
of  procedure  successful?)  "Yes;  this  one  was.  I  find  now  that  when  I  be- 
gin slowly  and  attend  to  accuracy,  I  make  higher  speed  than  when  I  begin 
impulsively." 

c.  Positive  and  Negative  Instructions. — ^An  attempt  was  made 
to  study  the  effect  of  positive  and  negative  instructions  upon  the 
tracing  of  the  star  diagram  by  mirror  image.  Our  quantitative 
data  and  introspective  accounts  furnish  no  support  to  Langf eld's 
(23)  finding  that  only  negative  instructions  suppress  the  control 
imagery.  In  truth,  we  find  that  under  both  positive  and  negative 
instructions  all  imaginal  processes  are  absent  during  the  tracing. 
When  the  subject  reaches  an  easy  place  on  the  diagram  he  reflexly 
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increases  his  speed  of  movement  and  may  report  the  presence  of 
imaginal  processes  at  such  times.  The  difficulty  encountered  in 
tracing  a  side  determines  whether  consciousness  must  deal  f  ocally 
with  the  objective  situation,  or  be  left  free  to  entertain  imaginal 
processes.  Whether  the  subject  is  instructed  to  "avoid  touching 
the  sides"  or  "go  down  the  middle  of  the  path/'  the  quantitative 
results  were  the  same  in  our  experiment 

In  a  number  of  trial  tests  we  employed  the  Stoelting  tracing 
board  used  by  Langfeld,  and  our  results  were  able  to  show  that 
the  quantitative  findings  secured  by  him  could  be  rendered  more 
decisive,  and  be  clearly  explained,  by  controlling  the  recess  period, 
which  Langf eld  fails  wholly  to  do.  * 

E.    The  Question  of  Control  Imagery 

We  were  surprised  by  the  lack  of  control  imagery  in  our  in- 
trospections. Our  observers  had  invariably  reported  an  abund- 
ance of  imagery  in  the  fore-period ;  but  this  imagery  appears  to 
drop  out  during  the  tracing,  especially  so  under  accuracy  instruc- 
tions. In  isolated  cases  our  learners  reported  that  a  manual- 
motor-image  was  present  before  they  began  to  make  a  rapid  stroke 
down  an  easy  side,  but  that  this  image  dropped  out  during  the 
course  of  the  tracing.  It  occurred  to  us  that  the  control  might 
possibly  be  furnished  by  the  visual  perception  in  cases  where  the 
circuit  was  traced  slowly  under  accuracy  Aufgabe,  and  that  a 
kinaesthetic  or  manual-motor  image*^  might  be  the  means  of  con- 
trol in  cases  of  high  rates  of  speed.  In  order  to  test  this  conjec- 
ture we  arranged  the  following  series  of  experiments: 

a.  In  a  first  experiment,  Oteerver  5,  who  was  about  to  b^in 
her  fifth  circuit  of  the  star,  was  instructed  to  b^n  with  a  rapid 
movement  along  the  first  side.    It  was  thought  that  if  the  kinaes- 

<^  Throu£^oat  our  analysis  we  have  considered  that  the  kinaesthetic  image 
of  making  a  movement  is  the  same  as  the  manual-motor  image.  In  both  cases, 
our  observers  have  always  found  a  visual  component,  i.e.,  in  a  kinaesthetic 
image  of  making  a  movement  down  a  groove,  the  'down  the  groove'  meaning 
is  carried  by  a  visual  image  of  the  groove.  Whenever  we  have  desired  to 
keep  clearly  before  the  reader  the  visual  and  the  kinaesthetic  components, 
we  have  resorted  to  the  use  of  hyphenated  words,  visual-ldnaesthetic  or 
visual-'manual-motor,  in  describing  die  imagery. 
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thetk  image  should  appear  at  all  during  the  tracing  of  a  side  of 
the  star,  it  would  tend  to  appear  under  such  instructions.  A 
quotation  from  her  introspection  follows : 

"I  was  first  aware  of  my  Aufgabe  in  auditory-vocal-motor  imagery :  'hurry 
and  make  no  mistakes/  Then  I  began  the  first  movement  with  a  quick 
manual-motor  image  of  movement  down  the  first  side  of  the  star.  I  was 
dismayed  when  I  saw  my  hand  going  along  the  twelfth  side  instead  of  the 
first  side.  I  stopped  the  movement  and  went  slowly  along  the  first  side,  but 
this  time  I  had  no  image  of  the  movement" 

Seven  days  later  this  observer  was  given  the  same  instructions 
and  her  introspection  reveals  precisely  the  same  state  of  affairs. 
This  situation,  together  with  the  introspection  of  Obs.  2  on  her 
fifteenth  circuit,  as  above  noted,  was  sufficient  to  lead  us  to  doubt 
the  ability  of  the  kinaesthetic  image  to  function  as  a  mode  of 
control  in  this  problem. 


Fig.  9.  An  exact  copy  of  the  results  of  an  experiment  performed  with 
Subject  No.  9  upon  apparatus  II.  In  /  the  subject  traced  the  path  AB 
slowly  and  deliberately »  and  likewise  the  path  AC;  in  //  the  subject  was 
instructed  to  trace  the  side  AC  indicated  by  the  arrow,  with  one  rapid  stroke. 
In  the  three  attempts  at  tracing  in  II,  the  subject  traces  in  the  apparent 
direction  of  the  path  AC.  The  stations  on  the  tracing  line  indkate  the  time 
in  fifths  of  a  second. 
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b.  To  test  the  matter  more  completely,  we  added  another 
special  experiment,  which  was  arranged  as  follows :  Two  sheets 
of  blank  paper  were  pinned  together  and  a  sheet  of  carbon  paper 
was  inserted  between  them.  A  diagram  in  the  form  of  a  simple 
acute  angle  was  drawn  on  the  upper  sheet,  its  carbon  impression 
being  recorded  on  the  sheet  below.  (Fig.  9).  This  diagram  was 
placed  upon  the  tapping  machine.  Apparatus  II,  so  that  the  sides 
of  the  angle  were  in  exactly  the  same  position  as  the  first  and 
twelfth  sides  of  the  star.  Observer  9  was  chosen  as  observer; 
since  this  observer  had  made  about  one  hundred  circuits  of  the 
star  prior  to  this  test.  The  time-recorder  was  set  at  five  beats  per 
second.  The  observer  was  asked  to  start  at  A  and  trace  the  side 
AB,  Fig.  9, 1,  and  to  keep  directly  in  the  middle  of  the  path  and 
move  as  fast  as  possible;  this  was  our  speed  and  accuracy  in- 
structions. His  introspections  revealed  the  presence  of  no  con- 
trol imagery.  He  was  then  asked  to  trace  the  side  AC  imder 
the  same  instructions;  and  control  imagery  did  not  appear  here. 

In  a  second  test.  Fig.  9,  II,  the  observer  was  asked  to  trace  the 
side  AC.  keeping  as  nearly  as  possible  on  the  line,  but  'to  make  the 
tracing  with  one  rapid  movement'  The  observer  was  aware  of 
a  kinaesthetic  control  image  in  this  tracing;  his  stroke,  however, 
was  on  the  side  AB  and  is  shown  in  Fig.  9.  He  was  asked  to  re- 
peat the  stroke  a  number  of  times.  The  time  of  each  stroke  is 
indicated  on  the  path  of  the  stylus,  (Fig.  9) ,  and  it  should  be  noted 
that  the  fast  strokes  move  out  on  the  apparent  side  and  not  on  the 
side  designated. 

The  detailed  introspections  of  this  observer  reveal  the  fact  that 
during  the  fore-period  of  the  one-rapid-stroke  test  the  observer 
was  repeatedly  conscious  of  manual-motor  images  of  moving  the 
stylus  down  the  appropriate  side.  He  assured  us  that  these  images 
could  be  reproduced  at  will  and  he  was  confident  they  were  ade- 
equate  to  control  the  movement.  However,  when  the  stroke  was 
made  according  to  the  particular  instructions  which  were  best 
suited  to  the  production  of  the  image,'— one  rapid-stroke, — he 
traced  the  apparent  side  of  the  angle  rather  than  the  true  side,  as 
in  the  case  of  the  two  former  experiments.  (The  reader  should 
note  that  in  the  mirror  image  the  side  AB  is  in  the  position  of  the 
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side  AC  of  the  direct  vision  situation).  On  the  repetition  of  this 
test,  however,  the  subject  traced  the  appropriate  side  slowly  and 
deliberately,  without  the  slightest  trace  of  manual-motor  imagery 
and  with  complete  awareness  that  the  control  came  from  the 
visual  situation. 

Another  phase  of  this  observer's  analysis,of  his  behavior  under 
instructions  lies  in  the  behavior  of  the  visual  attention.  When 
tracing  slowly  and  with  deliberation,  his  attention  is  directed 
f ocally  to  the  visual  details  of  the  line  to  be  traced ;  but  when  he 
reacts  under  the  one-rapid-stroke  instructions,  his  visual  percep- 
tion consists  merely  of  a  general  awareness  of  the  direction  of  the 
path;  and,  in  addition,  there  is  a  marked  consciousness  df  the 
motor  situation,  involving  muscular  strains  in  the  shoulder  and 
arm.  This  latter  is  precisely  the  state  of  affairs  we  found  in  the 
speed  tracings  on  the  star,  i.e.,  the  definite  awareness  of  the  motor 
situation  alternating  with,  and  never  concomitant  with,  the  focal 
visual  awareness  of  the  objective  details. 

When  the  objective  situation  was  removed  and  this  observer 
was  asked  to  reproduce  the  objective  and  subjective  situations  in 
imaginal  terms,  his  analysis  reveals  that  the  essential  character  of 
the  visual  component  is  a  certain  lack  of  details, — ^the  line  to  be 
traced  is  ims^ed  as  a  whole;  and,  he  introspects  that  the  aware- 
ness of  the  motor  component  follows  directly  upon  the  awareness 
of  the  visual  element.  The  observer  is  further  convinced  that  the 
imaginal  state  of  affairs  in  this  instance  is  the  exact  replica  of 
that  which  obtains  in  the  fore-period  when  he  is  instructed  to 
make  the  tracing  of  the  line  in  one-rapid-stroke." 

Summarizing  our  findings  in  the  case  of  the  above  observer, 
we  find  ( I )  he  is  able  to  f dlow  the  path  designated  by  moving 
slowly,  with  clear  visual  attention  upon  the  objective  details,  but 
is  unaware  of  imaginal  processes;  (2)  he  is  able  to  trace  the 

^Mt  should  be  noted  here  that  the  trained  subject  is  able  to  trace  the 
proper  line  with  one-rapid-stroke  by  delaying  the  stroke  throufi^  pressure 
on  the  stylus  until  the  eye  has  inspected  the  details  of  the  line.  This  delay 
we  have  called  the  'initial  delay'  and  it  is  worthy  of  note  that  when  the  sub- 
ject resorts  to  the  initial  delay  he  is  unaware  of  imaginal  processes  but  is  con- 
scious, with  an  unusual  degree  of  clearness,  of  the  details  of  the  objective 
situation. 
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proper  line  with  one  rapid  stroke,  provided  he  delays  the  start — 
our  initial  delay — by  pressing  downward  on  the  stylus  until  he 
has  inspected  the  visual  details  of  the  path,  but  is  unaware  of 
imaginal  processes;  (3)  he  traces  the  apparent  line, — ^thus  fallii^ 
back  to  the  first  stroke  he  employed  when  he  b^;an  mirror  trac- 
ing,— when  guided  by  a  visual-manual-motor  image,  or  when  the 
visual  objective  situation  is  diffuse  or  general. 

Frcxn  the  foregoing,  we  are  led  to  the  conclusion  that  in  the 
case  of  this  subject  the  visual  objective  situation— detailed  visual 
awareness  of  line  and  visual  awareness  of  the  stylus  moving  along 
the  line — is  the  sole  means  of  control. 

c.  To  further  test  the  problem  of  imaginal  control,  an  ad- 
vanced class  of  twenty  students  in  experimental  psychology  in 
the  University  of  Utah  was  given  the  following  experiment.  A 
diagram  similar  to  the  one  shown  in  Fig.  9  was  printed  on  cards. 
The  students  learned  to  trace  the  line  AB  by  repeated  practice,  a 
new  card  being  used  for  each  tracing.  When  each  student  had 
traced  the  design  fifty  times,  and  thus,  for  all  practical  purposes, 
had  reached  his  limit  of  improvement,  he  was  asked  to  draw  the 
diagram,  which  he  had  not  seen  for  twenty-four  hotu's,  and  in- 
dicate the  line  AB  which  he  had  been  tracing.  Each  student  was 
required  to  furnish  an  introspective  account  of  his  procedure  in 
making  the  drawing. 

Seventeen  of  the  twenty  students  drew  the  line  in  the  position  of 
ACy  and  the  entire  twenty  were  convinced  that  the  mental  basis 
for  constructing  the  diagram  was  the  visual  image  of  the  path, 
combined  with  the  manual-motor  image  of  making  the  move- 
ments, the  manual-motor  image  being  the  stronger  component. 
If  this  manual-motor  image  gives  no  adequate  basis  for  correctly 
locating  the  path  that  has  been  repeatedly  traced,  it  is  incon- 
ceivable that  it  can  function  to  control  the  movement  of  tracing 
in  the  original  situation. 

d.  A  careful  examination  of  all  of  our  introspective  data 
secured  from  our  nine  trained  observers  reveals  the  fact  that 
cdntrol,  or  antecedent,  imagery  is  almost  completely  lacking  in 
this  experiment.  By  control,  or  antecedent,  imagery,  we  mean 
that  imagery  of  a  movement  which  just  precedes,  in  point  of  time. 
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the  execution  of  the  movement.  Observer  No.  i,  who  has  made 
over  one  hundred  circuits  of  Apparatus  I,  under  all  varieties  of 
conditions  as  to  recess  periods  and  instructions,  was  not  aware  of 
a  single  antecedent  image  during  the  entire  practice.  This  ob- 
server is  of  a  decidedly  motor  type  and  is  highly  trained  in  intro- 
spection. Observer  No.  2  reported  two  antecedent  images  during 
twenty-five  circuits  and  both  of  these  occurred  during  periods  of 
partial  relaxation  or  fore-periods  preceding  difficult  portions  of 
the  star.  Observer  No.  5  reported  three  antecedent  images  dur- 
ing twenty  circuits  of  the  star.  Obsen/er  No.  4  was  not  aware  of 
antecedent  imagery  in  two  hundred  circuits.  Observer  No.  5  was 
quite  frequently  aware  of  what  seemed  to  be  antecedent  imagery ; 
this  was  also  the  case  with  Observer  No.  6.  Observer  No.  7  was 
1  not  aware  of  antecedent  imagery  in  making  over  one  hundred  cir- 
\cuits  of  the  star.  Observer  No.  8  reported  no  antecedent  imagery. 
Observer  No.  g,  whose  introspections  have  been  used  so  largely 
in  this  paper,  was  aware  of  images  of  visual-kinaesthetic  type  only 
during  fore-periods  or  during  periods  of  relaxation;  these,  we 
have  clearly  shown,  could  not  act  as  agents  of  control. 

From  the  results  secured  in  our  special  tests  and  from  our 
general  evidence,  we  are  unable  to  see  that  control  imagery  can 
function  in  this  problem.  The  fact  is  worthy  of  note  that  most 
of  our  observers  expected  to  find  control  imagery ;  the  fact  that 
they  did  not  do  so  became  all  the  more  interesting  and  important 
for  our  investigation.  We  have  endeavored  in  this  investigation 
to  present  all  the  available  evidence  fairly  and  impartially;  but  we 
have  yet  to  find  adequate  evidence  that  a  causal  relation  exists  be- 
tween the  imaginal  processes  reported  and  the  subsequent  move- 
ments.** 

'^The  writer,  who  has  made  more  than  one  hundred  circuits  of  the  star, 
repeatedly  sat  as  observer  in  the  same  experiment  as  was  performed  upon 
observer  No.  %  above.  The  experimental  findings  and  introspective  results 
in  our  case  are  the  same  as  reported  for  observer  No.  9.  The  writer  is  able 
to  get  the  clearest  and  most  definite  visual-kinaesthetic  imagery  of  making 
the  tracing  with  one  rapid  stroke ;  and  yet,  he  cannot  make  the  stroke  unless 
the  start  is  delayed  by  downward  pressure  on  the  stylus  until  the  details  of 
the  path  have  been  deliberately  inspected  visually;  and  in  this  case,  there  is 
not  the  slightest  evidence  or  subjective  feeling  that  the  antecedent  imagery 
was  causally  related  to  the  movements.  In  fact,  the  writer  is  clearly  aware, 
in  such  cases,  that  the  imagery  has  no  connection  at  all  with  the  movements 
following  the  initial  delay. 
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It  is  our  belief  that,  in  this  problem,  the  illusion  of  movement 
produced  by  the  mirror  provides,  for  the  problem  of  imaginal 
control,  precisely  the  same  analysis  of  the  elements  composing  the 
complex,  that  the  illusion  in  general  does  for  the  psychology  of 
perception.  In  the  former  case  it  provides  the  most  unmistakable 
evidence  that  the  imagery  antecedent  to  a  movement  cannot  con- 
trol the  movement  The  visual-kinaesthetic  complex  in  imaginal 
terms  is  the  precise  replica  of  that  objective  visual  and  tracing 
situation  in  which  a  diffuse  visual  perception  of  a  path  to  be 
traced  is  followed  by  a  tracing  in  the  apparent  direction,  rather 
than  the  true  direction,  of  the  path.  The  sine  qua  non  of  the 
visual  ims^nal  situation, — ^since  it  is  known  to  come  quickly,  and 
before  the  movement, — ^lies  in  its  diffuseness.  There  is  no  new 
element  in  the  imaginal  situation  which  does  not  inhere  in  the 
perceptual  situation;  and  thus,  it  cannot  be  a  cause  or  a  control- 
ling agent  for  the  movement 

Our  conclusions  for  the  introspective  analysis  may  be  sum- 
marized as  follows :  The  behavior  of  the  observer  woiking  under 
recess  period  practice  with  accuracy  instructions,  consists  of  a 
close  visual  fboition  nf^thrjltf ails  nf  the  path  irrhr  traced;  slight 
muinulai  otTaiiiirlrrjhe^iyaE,yid  shoulder  develop  because  of  the 
simultaneous  functioning  of  opposecfihusculSture, — ^the  stiff  arm 
of  recess  period  practice;  and  there  is  an  entire  absence  of  im- 
aginal processes  of  any  sort  Under  series  practice  conditions  the 
visual  attention  comes  to  be  spread  out  over  a  larger  area  of  the 
star;  the  speed  of  tracing  becomes  greater,  and  the  muscular  ten- 
sions of  the  arm  and  shoulder  in  many  cases  becomes  greater 
than  for  recess  period  practice. 

Under  speed  and  accuracy  instructions,  with  recess  period 
practice,  the  subject  alternates  between  the  accuracy  attitude  and 
the  speed  attitude.  Under  series  practice,  with  speed  and  ac- 
curacy instructions,  the  observer  maintains  throughout  the  speed 
attitude  which  is  made  up  of  a  diffuse,  visual  perception  of  the 
path  to  be  traced,  and  fast  movements,  with  the  muscular  strain 
much  less  than  when  the  observer  is  attempting  to  secure  speed  in 
recess  period  practice. 

In  all  accuracy  practice  the  speed  of  the  stylus  is  much  the  same 
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Fig.  la  An  exact  duplicate  of  a  record  made  by  Subject  No.  3  upon 
apparatus  IV.  The  tracing  in  A  represents  the  work  of  the  subject  before 
he  had  attained  a  high  degree  of  speed ;  the  record  in  B  was  secured  after 
the  subject  had  acquired  much  skill  and  speed  in  tracing  the  diagram.  The 
time  is  indicated  in  twenty-fifths  of  a  second.  In  A,  note  that  the  time  is 
spent  equally  on  the  two  sides  of  the  diagram;  in  B,  where  the  subject  is 
working  under  speed  instructions,  a  great  part  of  the  time  is  spent  on  the 
first  half  of  the  diagram. 

throughout  the  tracing;  but  in  speed  practice  there  are  places  of 
relaxation  where  the  visual  attention  moves  ahead  to  inspect  the 
details  of  a  difficult  segment  of  the  path ;  this  is  clearly  shdwn  by 
Fig.  10.  During  these  periods  of  relaxation  preceding  the 
difficult  tracings  there  may  be,  and  often  are,  visual  and  manual- 
motor  images  of  making  the  tracing,  but  these  have  been  shown 
to  be  of  no  value  in  controlling  the  movements  which  follow  them. 

3.  Objective  and  Physiological  Analysis  of 
the  learning 
Throughout  our  accbunt  of  the  physiology  of  the  learning  we 
shall  adopt  the  "'neuromuscular  \mW  conception  as  advanced  by 
Stiles  (43).  While  we  shall  not  go  far  as  to  accept  the  extreme 
position  taken  by  Keith  Lucas  (25)  in  the  matter  of  the  fractional 
functioning  of  muscles,  yet  we  do  contend  that  a  musculature 
must  be  conceived  of  as  functioning  at  times  fractionally,  and  at 
other  times,  as  a  whole.  The  physiological  basis  of  this  fractional 
functioning  would  seem  to  be  the  neuromuscular  unit.  In  the  eye- 
hand  coordinations  under  investigations  here,  the  neuromuscular 
unit  may  be  conceived  of  as  beginning  at  the  cortical  centers  and 
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extending  to  and  including  the  fibrillar  units  of  the  arm  mus- 
culature.** 

It  is  the  central  finding  of  this  investigation  that  the  number  of 
efferent  neuromuscular  units  to  function  simultaneously  will  de- 
pend upon  certain  conditions,  the  description  and  analysis  of 
which  constitute  the  chief  aim  of  the  writer  in  the  following 
pages.  The  number  of  functioning  afferent  neural  fibres  extend- 
ing from  the  retina  to  the  cortical  centers  will  be  considered  as 
constant;  while  the  number  of  efferent  fibres  will  be  shown  to 
vary. 


// 


Fig.  II.    A  diagrammatic  tracing  of  the  first  side  of  the  star. 

A.  Function  of  the  Recess  Period 
a.  Elimination  of  Zigzag  Paths. — ^We  have  already  indicated 
that  one  aspect  of  the  learning  in  this  investigation  takes  place 
through  the  resolution  of  the  zigzag  course  of  the  stylus  into  a 
smooth  course :  the  recess  period  is  the  important  factor  in  bring- 
ing about  this  resolution,  since,  without  the  recess,  the  only  im- 
provement possible  is  in  the  speed  of  the  tracing.    By  referring 

^^The  writer  believes  that  it  is  physiologically  correct  and  probably  more 
exact  to  conceive  of  the  neuromuscular  unit  beginning  at  the  retina,  rather 
than  at  the  cerebrum.  According  to  the  former  conception,  the  findings  to  be 
reported  in  this  investigation,  as  to  the  varying  number  of  muscular  units  to 
function  under  different  conditions  of  practice,  would  be  described  as  a  varia- 
tion in  the  ntunber  of  neuromuscular  units  functioning  from  the  retina  to  the 
arm  under  different  conditions  of  practice. 

This  view  is  entirely  compatible  with  the  findings  of  this  investigation. 
However,  the  point  is  a  technical  one  and  has  not,  to  my  knowledge,  been 
presented  by  writers  on  the  physiology  of  the  nervous  system;  consequently, 
we  shall  follow  the  easier  plan  of  describing  a  variation  in  the  size  of  a 
functioning  musculature  as  due  to  a  variation  in  the  number  of  neuromuscular 
units  functioning  from  the  cerebrum  to  the  muscle. 
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to  Fig.  II,  it  is  clear  that  the  smcx)thing  of  the  zigzag  path  has 
come  about  through  a  fusion,  simultaneous  functioning,  of  the 
muscular  elements  entering  into  the  successive  movements,  as  in 
ad  and  de.  That  this  fusion  is  not  due  to  repetition,  but  wholly 
due  to  the  recess  period,  may  be  seen  by  the  course  of  the  stylus 
in  successive  tracings  which  have  not  been  separated  by  recess 
periods.  Figs.  2,  p.  13  and  12.  If  the  recess  periods  are  not  in- 
serted the  zigzag  course  of  the  stylus  is  still  retained. 


Fig.  12.  An  original  tracing  of  a  beginner,  Subject  No.  12,  upon  apparatus 
III.  The  circuits  of  the  diagram  were  separated  by  ten  minute  recess  in- 
tervals, excepting  3  and  4  which  were  in  series.  The  time  for  the  tracing  of 
each  circuit  is  indicated  under  the  drawing. 

b.  The  Two  Sources  of  Speed  in  the  Learning, — By  referring 
to  Fig.  13,  it  will  be  observed  that  this  subject,  who  is  tracing 
apparatus  I,  under  recess  period  conditions  with  accuracy  instruc- 
tions, gains  very  much  in  speed  of  tracing,  due  to  the  elimination 
of  the  contacts  against  the  edges  of  the  path.  The  time  lost  in 
these  contacts,  and  also  that  lost  in  the  periods  of  arrest  when 
the  stylus  is  caught  in  the  niches,  is  thus  saved  when  the  course 
of  the  stylus  is  straightened  or  smoothed  out  after  the  recess 
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Fig.  13.  A  learning  curve  of  Subject  No.  8  which  shows,  in  the  upper 
curve,  the  total  time  for  the  tracing  and,  in  the  lower  curve,  the  time 
actually  spent  with  the  stylus  in  contact  with  the  metallic  edges  of  the  path 
upon  ai^aratus  I.  The  nrst  three  circuits  were  made  under  recess  period 
practice  and  die  remainder  under  mixed  series  and  recess  practice. 

period ;  we  have  called  this  gain  'indirect  speed'  or  the  gain 
through  smoothing  the  course  of  the  stylus. 

There  is  another  type  of  speed  which  is  brought  about  through 
series  repetitions,  Figs.  3  and  5 ;  this  we  have  styled  the  'speed  of 
facilitation.'  In  this  type  of  speed  the  smooth  course  of  the  stylus 
does  not  vary  during  repetition,  unless  the  speed  be  acquired  too 
rapidly,  as  for  example,  under  speed  instructions,  Fig.  16,  p.  55. 
In  the  latter  case  the  fusion  and  balance  of  the  muscular  elements 
is  lost  entirely  and  there  results  not  the  controlled  movement  down 
the  middle  of  the  path,  but  the  successive  movements  which 
existed  at  an  earlier  stage  of  the  learning. 

In  later  pages  it  will  be  shown  that,  aside  from  indirect  speed 
brought  about  through  straightening  the  path,  the  recess  period 
usually  works  to  reduce  the  speed  of  movements  which  has  been 
acquired  through  series  practice.  Series  practice,  through  the 
speed  of  facilitation,  will  increase  the  speed  of  acctu*ate  move- 
ments whose  accuracy  has  been  built  up  through  recess  period 
practice. 
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Fig.  14.  Ordinate  indicates  time  and  errors;  abscissa,  successive  circuits. 
This  learning  curve  was  secured  from  the  work  of  subject  No.  13 ;  accuracy 
instructions  were  employed  throughout  Part  II  of  the  practice  shows  a 
very  marked  irradiation  curve.  It  should  be  noted  that  series  practice  in 
Pftrt  III  brings  about  a  marked  improvement  in  speed  without  resulting  loss 
in  accuracy.  The  curve  here  shown  is  taken  from  data  secured  after  the  sub- 
ject had  completed  a  recess  and  a  series  practice,  such  as  is  shown  in  Part  I 
of  Fig.  2. 

c.  The  Irradiation  Picture. — ^The  increase  in  time  required  for 
a  tracing  after  the  initial  drop  in  the  learning  curve,  as  indicated 
by  latter  part  of  part  I,  Fig.  4,  p.  14,  or  part  II,  Fig.  14,  is  close- 
ly paralleled  by  what  we  have  styled  the  irradiation  picture.  This 
irradiation  is  clearly  conscious  to  the  subject,  but,  more  important 
for  our  objective  analysis,  it  is  a  matter  to  be  observed  by  the  ex- 
perimenter; hence,  it  is  essentially  an  irradiaticm  picture.*'.  The 
irradiation  begins  with  the  very  first  circuit  in  part  I  of  Fig.  4 ; 
but,  one  aspect  of  the  irradiation — ^the  increase  in  time  required 
for  tracing — is  masked  in  the  early  part  of  stage  I  by  the  gain  in 
indirect  speed  through  straightening  the  course  of  the  stylus, 
which  it  is  the  special  function  of  the  recess  period  to  secure. 

In  the  early  tracings  in  stage  I,  the  subject  grasps  the  stylus 
much  as  he  would  a  pen  or  pencil, — the  functioning  of  the  mus- 
culature concerned  being  characterized  by  a  certain  ease  and 
facility;  but,  as  the  recess  period  practice  is  continued,  the  subject 
grasps  the  stylus  with  an  observable  stiffness;  the  staff  of  the 
stylus,  which  at  first  lay  back  on  the  hand,  is  now  perpendicular 

ssQur  conception  of  this  irradiation,  as  will  be  shown  in  g^reater  detail 
later,  is  that  it  is  a  physiological  phenomenon  characterized  by  a  spread 
(irradiation)  of  nerve  energy  out  over  additional  nerve  fibres  in  the  cerebrum. 
This  becomes  manifest  to  the  experimenter  as  an  increase  in  the  musculatture 
functioning  in  the  act  of  tracing. 
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to  the  plane  of  the  apparatus;  the  arm,  which  was  at  first  mobile, 
now  becomes  stiff  and  rigid ;  the  upper  trunk,  w)iich  at  first  was 
inclined  over  the  apparatus,  now  becomes  stiflF  and  erect;  the 
opposed  musculature  in  the  legs  becomes  tensed,  resulting  in  a 
marked  rigidity  and  stiffness ;  apparently  the  last  musculature  to 
be  added  to  this  assimilation  is  that  of  the  unused  arm.  This 
irradiation  picture  continues  to  become  more  pronounced  as  long 
as  the  time  curves  continue  to  rise.  In  the  latter  part  of  stage  I 
of  Fig.  4,  the  irradiation  picture  becomes  so  pronounced  as  to  be 
of  outstanding  prominence  to  the  spectator;  this  being  the  case 
also  during  part  II  of  Fig.  14. 

This  irradiation  picture  is  quickly  terminated  by  series  practice, 
or  slowly  terminated  by  long  repetition  under  recess  period  prac- 
tice. Fig.  4.  The  order  of  elimination  of  this  musculature  is  just 
the  reverse  of  the  order  of  the  appropriation,  i.e.,  the  last  to  dis- 
appear is  the  opposed  musculature  of  the  used  arm,  which  was 
the  first  synthesis  to  be  established  in  the  recess  period  practice. 
So  long  as  this  elimination  is  carried  on  by  series  practice  under 
accuracy  instructions,  the  opposed  musculature  of  the  used  arm 
retains  the  simultaneity  of  function ;  but,  when  the  subject  traces 
under  speed  instructions,  this  synthesis  is  lost.  Fig.  16,  and  the 
stroke  of  the  stylus  takes  the  apparent  direction  of  the  path  in- 
stead of  the  true  direction,  the  acquired  muscular  elements  having 
been  completely  eliminated. 

While  we  are  not  especially  interested  in  the  economy  of  learn- 
ing in  this  investigaticHi,  yet.  Fig.  14  points  to  the  fact  that  series 
practice  under  accuracy  instructions,  is  the  economic  way,  without 
a  resulting  loss  in  accuracy,  to  eliminate  any  appropriated  mus« 
culature  which  happens  to  be  unnecessary  for  the  particular  de- 
gree of  accuracy  desired  for  the  tracing;  thus,  it  is  true  that  the 
irradiation  to  the  back,  legs,  and  the  unused  arm  may  be  of 
great  value  for  securing  a  perfectly  straight  course  down  the 
middle  of  the  path,  without  the  slightest  deviation;  yet,  such  a 
high  degree  of  accuracy  is  unnecessary,  and  some  of  the  mus- 
culature could  well  be  eliminated. 

After  a  high  degree  of  accuracy,  one  or  two  errors  per  circuit, 
has  been  attained  in  the  irradiation  curve.  Fig.  14,  there  is  no 
change  in  the  smooth  course  of  the  stylus ;  this  is  shown  by  the 
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constant  error  curve.  The  same  has  also  been  shown  by  employ- 
ing a  star  diag^m  on  paper  which  the  subject  traced  with  a  lead 
pencil;  in  this  experiment,  the  course  of  the  stylus  is  observed 
to  remain  unchanged  from  circuit  td  circuit.  The  changes  taking 
place  in  the  irradiation  curve  may  be  regarded  as  the  addition 
of  surplus  musculature  when  the  time  curve  is  showing  loss,  and 
the  elimination  of  this  musculature  when  the  time  period  is 
showing  a  gain.  Fig.  14,  part  II,  illustrates  predominantly  the 
fimction  of  the  recess  period,  and  part  III  the  function  of  series 
practice. 

d.  The  Initial  Delay. — ^When  the  behavior  before  the  star  is 
reduced  to  its  simplest  elements,  we  shall  see  more  clearly  the 
part  played  by  the  recess  period.  In  an  experiment  designed  to 
simplify  the  response  of  the  subject,  we  employed  a  highly 
trained  subject  to  trace  the  diagram  of  our  Apparatus  IV  under 
the  instructions, — 'Make  one  rapid  stroke  down  the  first  side  of 
the  diagram/  This  is  the  procedure  we  had  adopted  in  a  previ- 
ous section  in  testing  out  the  possibility  of  control  imagery  in 
the  learning,  page  40).  Working  under  these  conditions,  the 
subject  is  able  to  make  the  stroke  down  the  proper  path  only  by 
delaying  the  movement  until  he  has  visually  fixated  the  details 
of  the  path  to  be  traced.  This  fixation  requires  a  measurable 
interval  of  delay  before  the  beginning  of  the  movement,  which 
we  have  called  the  'initial  delay.' 

It  should  be  noted  that  if  the  subject,  even  though  he  has 
had  much  experience  in  tracing  this  diagram,  begins  the  first 
stroke  of  a  series  without  this  interval  of  delay,  his  stylus 
moves  out  on  the  apparent  path  rather  than  on  the  designated 
path.  Fig.  9,  p.  40.  However,  after  the  subject  haS  once  deliber- 
ately fixated  the  details  of  the  path,  he  is  able  to  make  a  number 
of  strokes  without  the  same  amount  of  fixation,  and  hence  with 
reduced  initial  delay.  Fig.  15.  The  amount  the  subject  may  re- 
duce this  initial  delay  is  largely  a  matter  of  individual  difference ; 
and  depends  upon  the  time  interval  between  strokes.  If  the 
initial  delay  is  reduced  too  rapidly,  or  to  too  low  a  level,  the 
subject  loses  his  control  and  his  stylus  moves  out  on  the  apparent 
side.  Fig.  16. 
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Fig.  15.  A  record  of  four  experiments  made  with  Subject  No.  9  upon 
apparatus  III.  The  path  to  be  traced  was  the  left  half  of  the  dagram 
as  shown  in  Fig.  12.  The  instructions  wete:  "Make  the  tradng  with  one 
rapid  stroke."  The  initial  delay  is  shown  tnr  the  solid  line  and  the  time  of 
the  movement  by  the  dashed  line.  The  strcnces  were  made  in  series  and  the 
subject  selected  his  own  time  rate  of  making  strokes.  A  and  B  were 
separated  by  a  ten  minute  recess  interval  The  series  C  was  made  by  direct 
vision,  i.e.,  without  the  mirror;  series  D,  with  the  mirror,  was  made  after 
five  days  practice  involving  200  strokes.  The  points  a  and  b  indicate  a  stroke 
which  was  made  without  any  initial  delay,  the  stylus  moving  in  the  apparent 
direction  of  the  path  and  thus  delaying  the  movement.  The  ordinate  indicates 
time  in  seconds;  the  abscissa,  successive  strokes. 

The  points  just  noted  are  taken  from  results  secured  with  a 
subject  highly  experienced  in  mirror  tracing.  From  these  re- 
sults it  is  seen  that  the  recess  period  works  to  bring  about  a 
marked  initial  delay  which,  as  we  have  shown,  involves  a  re- 
newal of  the  long  fixation  of  the  details  of  the  path;  but,  after 
the  long  fixation  is  made,  a  number  of  correct  strokes  may  follow 
in  series  with  greatly  reduced  fixation.  Here  it  would  seem  that 
the  neuro-muscular  elements  brought  into  function  by  the  fixa- 
tion, remain  unchanged  during  a  subsequent  series  practice ;  this 
we  have  called  the  perseveration  of  the  irradicftion  pattern.  It 
should  also  be  noted  that  the  recess  period  has  little  effect  upon 
the  time  of  the  movement  itself, — Shaving  its  chief  effect  upon 
the  initial  delay  or  the  period  of  visual  fixation  of  the  path  to  be 
traced. 

e.  The  Initial  Delay  and  Perseveration  of  the  Irradiation 
Pattern. — From  the  results  secured  through  the  reduction  of 
the  behavior  of  the  subject  to  the  rapid  tracing  of  one  side  of 
the  star,  as  shown  above,  we  are  able  to  explain  many  of  the 
points  observed  in  our  analysis  of  the  learning  curves  in  an 
earlier  section. 

We  have  observed  that,  after  the  initial  drop  in  the  learning 
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Fig.  16.  An  original  tracing  of  a  ^ometrical  diagram  by  Subject  No.  3. 
The  tracing  began  at  s  and  ended  at  ;.  The  subject  was  asked  to  beipn  at  s 
and  trace  the  diagram  as  indicated  by  the  arrows,  gradually  increasing  his 
speed  as  he  proceeded.  The  stations  on  the  tracing  line  mark  the  time  in 
fifths  of  a  second.  The  control  was  lost  in  most  instances  on  the  line  moving 
from  left  to  right;  the  apparent  direction  of  this  line  is  indicated  by  the 
large  arrow,  q.  Analysis  of  the  tracing  reveals  the  fact  that  the  lines  <A,  cd, 
^f$  oK  ij,  H  and  ifw  are  all  parallel  to  the  apparent  direction  of  the  line  to 
be  traced. 

curve,  a  subject  working  under  recess  period  conditions,  with 
speed  and  accuracy  instructions,  was  compelled  to  choose  be- 
tween accuracy  and  speed, — ^he  could  not  secure  both.  Fig.  6,  p.  16. 
Referring  to  our  findings  on  the  initial  delay,  we  see  that  the 
recess  period  increases  the  initial  delay  if  accuracy  is  secured  or, 
in  other  words,  if  the  muscular  sjmthesis  required  for  the  ac- 
ctiracy  is  maintained.  Thus,  if  we  consider  the  tracing  of  the 
whole  star  as  made  up  of  a  number  of  difficulties, —  each  in- 
volving a  visual  fixation  of  the  path,  a  period  6i  delay,  and  then 
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a  movement, — ^we  can  see  that  the  recess  period  will  bring  about 
a  number  of  these  delays  which  will  work  to  increase  the  time 
of  the  tracing,  our  irradiation  curve.  On  the  other  hand,  series 
practice  will  eliminate  these  periods  of  delay  to  some  extent 
and  thus  work  to  produce  our  speed  of  facilitation,  Fig.  14. 
From  this  it  may  be  seen  that  both  speed  and  accuracy  may  be 
secured  in  series  practice,  provided  the  initial  drop  in  the  learning 
curve  has  been  passed.  Fig.  5,  p. — . 

It  should  be  noted  that  a  low  rate  of  facilitation  is  obtained  on 
continued  repetition  of  a  tracing  under  recess  period  practice 
conditions,  Figs.  2  and  14,  parts  I  and  IV  of  the  latter.  Thus  we 
have  two  types  of  facilitation,  one  through  repetition  in  series 
and  the  other  through  prolonged  repetition  under  recess  period 
conditions.  The  physiological  structure  underlying  both  types 
is  precisely  the  same.  (See  our  discussion  on  the  adequate  re- 
cess). 

In  the  later  stages  of  the  one-stroke  practice,  Fig.  15,  it  will 
be  observed  that  this  highly  practiced  subject  reaches  a  point 
where  the  initial  delay'  before  each  successive  stroke  becomes 
constant,  the  strokes  have  become  rhythmical  and  the  subject 
is  securing  just  enough  delay  before  each  stroke  to  insure  the 
perseveration  of  the  irradiation  pattern  in  the  musculature  of 
the  tracing  arm.  Marked  individual  differences  obtain  with 
respect  to  this  initial  delay  and  rhythm  of  stroke  among  different 
subjects ;  a  point  that  we  are  utilizing  in  a  further  study  on  the 
economy  of  learning.  It  is  worthy  of  special  note  that  this 
rhythm  is,  with  some  subjects,  maintained  over  short  intervals, 
which  gives  the  reaction  time  a  degree  of  constancy  not  found  in 
earlier  stages  of  the  learning,  and  thus  brings  about  a  state  of 
affairs  where  the  short  recess  period  has  little  or  no  effect  on  the 
initial  delay.  However,  an  unusually  long  recess  will  reestab- 
lish the  long  initial  delay  as  shown  in  Fig.  17."    This  state  of 

2«  It  should  be  noted  that  tracings  of  the  whole  star  by  the  highly  practiced 
subject  show  less  effect  from  the  action  of  the  recess  period  than  do  tracings 
of  one  side  as  shown  in  Fig.  15.  This  is  due  to  the  fact  that  the  facilitation 
in  the  former  is  much  less  than  in  the  latter.  In  series  practice  on  the  whole 
star  each  difficult  element  is  repeated  every  ten  seconds,  on  the  average ;  while, 
in  the  one-stroke  practice,  the  stroke  is  repeated  ten  times  as  fast. 


Digitized  by 


Googk 


TRIAL  AND  ERROR  LEARNING  IN  THE  HUMAN  SUBJECT    57 

affairs  is  usually  called  forgetting  in  such  performances  as  type- 
writing or  crossing  out  letters  from  pied  type.  (See  discus- 
sions by  Thorndike  (49)  where  the  functions  of  the  recess 
are  conceived  solely  as  bringing  about  forgetting  and  eliminating 
fatigue). 


Fig.  17.  This  drawing  presents  the  record  of  Subject  No.  4  upon  apparatus 
I  after  he  had  acquired  a  high  rate  of  speed.  Here  are  shown  three  groups 
of  circuits  in  series;  a  one-week  recess  came  between  groups.  It  should  be 
noted  that  the  recess  period  has  its  greatest  effect  upon  the  speed  of  the  trac- 
ings, due  to  the  initial  delay  required  in  difficult  places. 

f.  Relation  between  Instructions  and  Type  of  Practice. — 
Recess  period  practice  makes  possible  the  highest  type  of  accur- 
acy, and  mixed  series  and  recess  period  practice  makes  possible 
the  highest  degree  of  speed.  A  highly  trained  subject  will  have 
his  efficiency  greatly  reduced  if  speed  instructions  are  combined 
with  recess  period  practice;  or,  if  accuracy  instrutions  are  com- 
bined with  series  practice :  the  highest  efficiency  is  always  secured 
by  combining  recess  period  practice  with  accuracy  instructions, 
and  series  practice  with  speed  and  accuracy  instructions.  This 
state  of  affairs,  which  is  another  aspect  of  the  problem  we  have 
just  discussed  under  the  initial  delay,  is  clearly  shown  by  Table  I. 

B.    Physiology  of  the  Recess  Period 

a.  Character  of  the  First  Movements. — The  very  first  move- 
ment employed  by  the  beginner  in  learning  to  trace  the  star  is 
invariably  a  movement  in  the  apparent  direction  of  the  path  to 
be  traced,  AB,  Fig.  18,  or,  in  other  words,  it  is  in  the  direction  of 
the  path  AC.  This  first  movement  leads  to  a  contact  with  the 
side  of  the  path  at  d;  at  this  point  the  stylus  usually  becomes 
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Circuit 

Speed  and  Accuracy  Instructions  Accuraqr  Instmctioiis 

Recess  Period  Practice  Series  Pr.  Recess  Pr.  Series  Pr. 

I                     II                   III  IV                     V 
TETETETETE 

1  15         22         21         15  22  i8  30          I         30  2 

2  15         20         20         ID  15  7  27          2         33  4 

3  15         21         19         10  21  19  32          o         35  o 

4  15         12         18         12  17  16  32           I         32  o 

5  12         28    .'    22         14  20  15  32          o         30  3 

6  12         20,         21          15  M  12  32           o         33  3 

7  13         17         ^           5  i<»  13  31           2         30  3 

8  14         19         15         15  15  10  35           I         35  I 

9  13         16         15         17  15  12  30           2         30  o 
10         13         16         15         15  14  12  35           I         25  2 

Av.         13.7       19^1       18.6       12^       169       134      31-6        i-o      31-3        1-8 

Table  L  In  this  table  is  shown  data  taken  from  tiie  work  of  subject  No. 
21 ;  the  results  were  secured  from  one  da/s  practice  after  the  subject  had 
acquired  a  high  degree  of  skilL  Under  the  speed  and  accuracy  instructions, 
I  emphasized  speed  and  II  emphasized  accuracy,  while  in  III  the  subject  was 
left  tminstructed  except  as  to  general  speed  and  accuracy  instructions.  If 
we  take  an  arithmetiod  average  of  the  time  and  error  quantities,  we  find 
that  II  is  better  than  I,  while  III  is  better  than  either  for  speed  and  aocnraor 
instructions.  Under  accuracy  instructions,  recess  practice  secures  a  mudi 
higher  degree  of  accuracy  than  does  series  practice. 

caught  in  a  niche,  and  the  subject  attempts  to  withdraw  it;  these 
attempts  in  most  cases  serve  to  drive  the  stylus  more  deeply  into 
the  niche.  After  a  number  of  these  series  attempts  the  stylus 
is  withdrawn  quickly  in  the  direction  of  de,  which  movement  is 
a  reciprocal  of  the  ifirst  movement,  ad.  (By  a  reciprocal  we 
mean  not  a  direct  opposite  of  the  movement  ad,  but  an  opposite 
modified  by  the  common  muscular  element  AH,  It  should  be 
noted  that  the  mirror  produces  no  illusion  with  respect  to 
tracings  directly  toward  the  right  or  the  left;  the  illusion  is  con- 
fined entirdy  to  those  paths  which  run  oUiquely  to  the  AH  axis). 

Following  the  movement  de,  we  have  in  immediate  succession 
the  movement  ef,  which  is  a  reciprocal  of  de,  modified  by  the 
common  muscular  element  AH;  the  movement  ef  is  made  up  of 
the  same  musctilar  elements  as  ad.  This  series  of  movements 
serves  to  carry  the  stylus  along  the  path  to  be  traced.  It  should 
be  observed  that  these  are  not  only  successive  movements,  but 
that  any  two  successive  movements  involve  many  opposed  mus- 
cular elements,  that  is,  opposed  in  a  physiological  sense,  disre- 
garding, as  before,  the  common  muscular  element  AH. 

While  in  the  above  account  we  have  simplified  to  some  extent 
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B 
Fia  18.    A  diagrammatic  tracing  of  the  first  side  of  the  star. 

the  type  of  reaction  the  average  subject  makes  in  his  first 
attempts  at  tracing  the  path,  yet,  we  have  not  in  any  sense  falsi- 
fied the  true  state  of  affairs.  A  subject  may,  at  the  outset,  fol- 
low a  very  complicated  course  in  tracing  the  first  side  of  the  star ; 
yet,  he  will  eventually  reduce  his  behavior  to  as  simple  a  pattern 
as  the  one  we  have  indicated.  It  is  also  true  that  many  subjects, 
even  at  the  outset  of  the  learning,  do  not  produce  a  more  com- 
plicated tracing  than  we  have  just  described.  Fig.  12,  p.  49. 

It  is  our  finding  that  these  successive  movements  which  in- 
volve opposed  muscular  elements,  are  reduced  by  the  action  of 
the  recess  period,  to  one  movement,  with  the  muscular  elements 
acting  simultaneously.  This  simultaneity  occurs,  in  the  majority 
of  cases,  immediately  after  the  recess  interval ;  in  other  words,  a 
zigzag  course  before  the  recess  interval  is  resolved,  through  the 
interposition  of  the  recess,  into  a  simple,  smooth  course  down  the 
middle  of  the  path.*^ 

b.  Simultaneous  Irradiation  or  Appropriation  of  Muscular 
Elements  in  Recess  Period  Practice. — The  movement  down  the 
middle  of  the  path  can  be  readily  explained  by  the  principle  of 
the  simultaneous  functioning  of  neurcMnuscular  elements  which, 
before  the  recess  interval,  functioned  successively.  This  simul- 
taneous functioning  has  for  its  neurological  basis  a  simultaneous 
irradiation,  which  is  brought  about  by  the  action  of  the  recess 

2' The  reader  should  note  that  the  first  attempts  made  by  the  learner  arc 
in  close  succession,  and  thus  are  really  in  series.  The  learner  brings  to  the 
situation  a  definite  irradiation  pattern — tracing  by  direct  vision — which  is  not 
satisfactory  for  tracing  by  mirror  reflection  and  must  be  disintegrated  by 
series  attempts. 
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interval.  Here  we  see  that  the  number  of  neuromuscular  elements 
from  the  cortical  center  to  the  arm,  that  act  simultaneously,  has 
been  increased  by  the  effect  of  the  recess  period.  It  should  be 
noted  that  we  are  presenting  here  a  neurological  conception  which 
may  be  classed  as  a  multiple  final  path  conception,  in  contradistinc- 
tion to  the  principle  of  the  final  common  pctth  of  Sherrington, 
where  many  afferent  fibres  embouch  upon  a  few  eflferent  fibres, 
(40)."  It  is  also  worth  noting  that  Pawlow  (28,  55)  has 
accounted  for  his  conditioned  reflex  by  the  principle  of  irradia- 
tion ;  however,  it  does  not  seem  that  Pawlow  has  emphasized  the 
simultaneous  character  of  this  irradiation.*'  This  simultaneous 
irradiation,  brought  about  by  the  recess  period,  is  the  physiolog- 
ical basis  for  one  phase  of  neuromuscular  coordination;  and  is, 
in  our  judgment,  essential  for  a  complete  conception  of  the  in- 
tegrative functions  of  the  nervous  system,  particularly,  of  the  cere- 
brum. No  one  has  seen  this  so  clearly  as  Stiles  in  his  study  of 
the  nervous  system  (43).*®  It  is  not  maintained  that  one  recess 
period  will  always  bring  about  a  complete  simultaneity  in  the 
function  of  all  of  the  muscular  elements  which  have  previously 
functioned  successively;  but,  the  recess  period  always  works 
toward  this  simultaneity  of  function  of  opposed  muscular  ele- 
ments. 
c.  Elimination  of  Muscular  Elements  in  Series  Practice. — The 

*8  That  Sherrington  was  in  need  of  a  physiological  principle  underlying  the 
simultaneous  functioning  of  opposed  muscular  elements,  is  clearly  seen  from 
his  statement  that  the  effect  of  strychnine  in  the  spinal  dog,  which  produces  a 
simultaneity  of  function  of  opposed  muscles,  helps  us  to  see  how  the  same 
simultaneity  might  occur  in  voluntary  movements,  (op.  cit.  p.  106  and  p.  113). 

2^  This,  he  would  not  be  expected  to  do,  unless  he  were  contrasting  the 
simultaneous  with  successive  irradiation,  which  he  nowhere  does.  Our  em- 
phasis upon  the  function  of  the  recess  period  entails  a  further  refinement 
of  terms.  Pawlow,  incidentally  points  out  the  necessity  for  time  intervals 
between  the  presentations  of  stimuli  in  the  establishment  of  the  conditioned 
reflex;  but,  he  does  not,  to  the  writer's  knowledge,  establish  the  recess  period 
as  a  definite  physiological  principle  underlying  the  irradiation. 

^  Stiles  points  out  (p.  94)  that  in  slow,  highly  controlled  movements  a 
large  number  of  neuromuscular  elements  is  functioning;  while,  in  quick, 
rapid  movements,  but  a  few  units  are  in  function.  Here,  Stiles  does  not 
attempt  to  deal  with  the  problem  of  irradiation;  he  is  interested  wholly  in 
the  number  of  neuromuscular  elements  entering  into  movements  of  various 
types. 
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Fig.  ig.  An  exact  reproduction  of  two  original  records  from  the  recording 
instrument  of  apparatus  I.  Circuit  A  was  preceded  by  a  recess  intervaL 
while  B  followed  without  recess.  In  A  the  instructions  were  accuracy,  ana 
in  B  speed  and  accuracy.  Note  that  in  B  more  errors  are  made ;  the  errors 
are  made  in  pairs,  indicating  rapid  movements  from  one  side  of  the  path  to 
the  other  and  pointing  clearly  to  the  restoration  of  the  zigzag  path.  The  E 
line  represents  errors,  5*  the  signal  for  starting  and  stopping,  and  T  the  time 
in  seconds.  (Allowance  should  be  made  for  the  variation  in  the  speed  of  the 
drum  in  the  two  cases). 

function  of  series  practice  is  to  reduce  the  size  of  the  irradiation 
pattern  which  has  been  built  up  by  recess  period  practice.  This 
reduction  of  the  neuromuscular  elements  engaged  in  the  tracing 
leads  to  marked  facilitation  involving  rapid  and  easy  movements. 
If  the  reduction  of  the  irradiation  pattern  takes  place  gradually, 
the  bilateral  character  of  the  pattern  will  be  preserved  and  the 
subject  will  maintain  his  control.  If,  however,  the  subject  be 
placed  under  speed  instructions  and  the  accuracy  element  disap- 
pear from  his  goal  idea,  the  bilateral  irradiation  pattern  will  be 
completely  disintegrated,  Figs.  15,  1 6  and  19. 

In  the  latter  case,  we  are  dealing  with  the  problem  of  succes- 
sive irradiation  rather  than  with  simultaneous  irradiation,  i.e., 
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first  one  group  of  muscles  receives  the  nervous  impulse  and  then 
another.  The  neural  energy  arising  in  the  retina  is  carried  by 
the  afferent  nerves  to  the  cortical  center,  and  there  passes  out 
over  first  one  efferent  nerve  fibre,  and  then  another;  thus  there  is 
a  successive  use  of  the  opposed  efferent  paths, — ^a  state  of  affairs 
in  harmony  with  Sherrington's  principles  of  reciprocal  innerva- 
tion.*^  The  same  loss  of  control,  that  is,  a  reduction  of  a  simul- 
taneous functioning  of  muscular  elements  to  a  successive  or  soli- 
tary functioning,  also  occurs  when  the  subject  is  put  under  speed 
instructions  and  asked  to  trace  the  diagram  of  Fig.  9,  p.  41.  The 
first  stroke  that  a  trained  subject  makes  when  asked  to  make  one 
rapid  stroke  down  the  side  AC  oi  this  figure,  is  in  the  apparent  di- 
rection, AB,  of  the  path;  that  is,  he  employs  again  the  first  stroke 
he  attempted  to  use  when  he  b^;an  mirror  tracing.  In  other 
words,  the  synthetic  neuromuscular  complex  AC,  acquired  in  the 
learning  through  the  effect  of  the  recess,  has  been  completely 
eliminated  as  a  result  of  the  instructions,  and  we  have  left  simply 
the  AB  element. 

We  modified  our  experiment  so  as  to  throw  light  upon  the 
effect  of  alcohol  upon  the  coordinations  in  a  highly  trained  sub- 
ject. From  these  experiments.  Fig.  20,  we  are  able  to  draw  the 
significant  fact  that  the  alcohol  tends  to  transform  the  simul- 
taneous functioning  of  the  opposed  muscular  elements  into  a 
successive  functioning  of  these  elements.  In  other  words,  the 
subject  who  has  acquired  the  smooth  course  of  the  stylus  down 
the  middle  of  the  path  is,  through  the  effect  of  alcohol,  reduced 
to  a  stage  where  the  zigzag  path  returns  and  his  accuracy  or 
control  is  lost.  Our  experiment  shows  that  there  is  a  slight  loss 
in  speed  and  a  marked  loss  in  accuracy,  due  to  the  effect  of  the 
alcohol ;  the  total  effect  of  the  alcohol  is  the  same  as  results  from 
speed  instructions. 

'^  It  is  to  be  borne  b  mind  that  Sherrington  worked  chiefly  on  the  spinal 
dog  and,  as  a  result,  his  principle  of  the  final  common  path  and  reciprocal  in- 
nervation applies  mainly  to  the  spinal  centers ;  however,  he  does  not  apply  this 
principle  to  cerebral  functioning.  In  fact,  one  gathers  from  a  careful  study  of 
Sherrington  that  he  considers  this  principle  of  the  final  common  path  one  of 
the  fundamental  principles  of  nerve  integration-— a  fact  not  in  harmony  with 
our  findings. 
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Fig.  30.  An  experiment  showing  the  effect  of  alcohol,  performed  upon  Sub* 
ject  No.  18.  This  subject  had  reached  a  level  of  efficiency  which  varied  only 
slightly  from  day  to  day.  Each  station  in  the  curves  represents  an  average  of 
Sltc  circuits  in  series;  the  series  were  separated  by  recess  intervals  of  five 
minutes.  In  a  previous  experiment  a  much  smaller  amount  of  alcohol  was 
used  and  the  results  indicated  a  small  loss  in  accuracy  and  a  slight  gain  in 
speed. 

d.  Later  Stages  of  Irradiation,— By  referring  to  Fig.  15,  it 
will  be  observed  that  the  irradiation  produced  by  the  recess  period 
becomes  less  and  less  as  series  practice  is  inserted  into  the  prac* 
tice;  which  means  that,  in  time,  very  little  irradiation  will  be 
shown  in  the  learning  curve.  This  irradiation  may  be  restored 
by  the  insertion  of  a  very  long  recess  interval,  as  in  Fig.  17, 
where  a  high  rate  of  speed  obtains. 

Inasmuch  as,  in  the  earlier  stages  of  the  learning,  we  get  such 
a  high  rate  of  disintegration  from  series  practice,  Fig.  2,  p.  13, 
and  such  a  marked  integration  from  recess  period  practice,  it 
might  be  assumed  that  the  subject  acquires  an  immunity  to  these 
forces  of  integration  and  disintegration  as  practice  continues. 
This  is  true  simply  because  the  learner  faces  a  different  situation 
in  the  two  cases.  In  the  early  stages  of  practice  the  learner  does 
not  have  the  appropriate  movement  and,  as  a  result,  he  fixates 
visually  the  same  point  on  the  star  many  times  in  dose  succes- 
sion. We  have  the  record  of  one  subject  who  repeated  the  same 
movement  (tracing  in  the  apparent  direction)  forty-seven  times 
in  tracing  the  first  side  of  the  star.  In  later  stages  of  practice, 
when  the  subject  has  acquired  the  mirror  tracing  coordination, 
the  same  point  on  the  star  is  visually  fixated  only  once  in  every 
ten  seconds,  on  the  average. 
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This  state  of  affairs  is  also  clearly  shown  when  we  take  any 
highly  practiced  learner  and  place  him  in  our  one-f  ast-strdce  prac- 
tice, Fig.  15.  His  rate  of  neural  disintegration  or  loss  of  con- 
trol will  be  seen  to  depend  upon  three  factors :  ( i )  an  individual 
difference  factor,  dependent  upon  bodily  metabolism,  (2)  state  of 
health,  which  shows  considerable  variation  from  day  to  day,  (3) 
temporal  frequency  of  the  strokes,  in  other  words,  the  speed  of 
stroke  and  the  initial  delay  allowed  by  the  conditions  of  practice. 
If  allowed  to  select  his  own  conditions  each  learner  will  adopt  a 
rhythm  suited  to  his  own  rate  of  anabolism  and  katobolism. 

e.  The  Adequate  Recess  Interval. — While  we  have  found 
throughout  our  experiment  that  the  recess  interval  is  the  sole 
factor  which  brings  about  the  necessary  simultaneity  in  neuro- 
muscular functioning;  yet,  it  has  been  extremely  difficult  to 
measure,  on  all  occasions,  the  precise  length  of  interval  required 
for  such  a  physiological  state.  This  is  due  to  the  fact  that  in- 
dividual differences  obtain  here  in  a  very  marked  degree;  some 
subjects  may  acquire  the  simultaneous  irridation  necessary  for 
the  early  stage  of  the  learning,  through  the  insertion  of  rather 
short  recess  intervals;  yet,  others  may  require,  for  adequate 
irradiation,  time  intervals  which  are  considerably  longer  and 
more  frequent.  We  have  found,  for  example,  in  our  experimen- 
tation, that  some  subjects  will  have  the  zigzag  path  resolved  into 
a  smooth  path  by  recess  intervals  as  short  as  ten  seconds,  while 
others  evidently  require  recess  intervals  which  are  considerably 
longer.  We  have  not  observed  a  case  of  simultaneous  irradiation 
in  the  very  early  stage  of  learning  after  a  recess  interval  shorter 
than  ten  seconds. 

.  There  is  much  evidence  that  the  adequate  recess  interval  varies 
greatly  from  time  to  time  in  the  same  individual,  depending, 
perhaps,  upon  his  general  metabolic  condition.  From  our  exper- 
iments involving  recess  periods  of  a  few  seconds  and  others  of 
varying  lengths  up  to  one  year,  we  are  able  to  derive  the  law  that 
the  major  part  of  the  structural  changes  underlying  the  simultane- 
ous irradiation,'^  brought  about  by  the  recess  interval,  takes  place 

"2  That  these  changes  are  metabolic  and  have  to  do  with  the  anabolic  pro- 
cesses of  restoring  the  cerebral  cell  to  the  condition  existing  before  stimula- 
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Fig.  21.  A  curve  made  from  the  average  of  three  subjects  who  show  a  gain 
in  accuracy  in  early  series  practice.  A  comparison  between  this  curve  and 
that  in  Fig.  2  reveals  the  fact  that  the  subjects  in  the  latter  group  were 
affected  more  by  the  recess  periods  than  the  former.  These  three  subjects 
were  the  only  ones  in  a  class  of  thirty  students  to  show  improvement  in 
accuracy  in  early  series  practice.    See  Table  II,  B. 

in  the  earlier  part  of  the  interval.  There  are  some  evidences  to 
indicate  that  the  curve  for  these  changes,  secured  through 
average  results  of  a  group,  will  parallel  closely  that  found  by 
Ebbinghaus  (11)  in  his  curve  of  forgetting,  and  in  particular 
the  curve  found  by  Finkenbinder  (12)  in  his  analysis  of  the 
process  of  forgetting.** 

tion,  we  have  no  doubt.  Matthews  has  pointed  out  (Physiological  Chemistry, 
Wm.  Wood  Co.,  1916,  Chap.  XIII)  that  in  the  brain,  we  have  all  the  necessary 
provisions  made  for  the  most  intense  and  most  rapid  metabolism  to  be  found 
in  the  entire  body.  Our  results  show  that  some  subjects,  reduced  to  a 
condition  in  the  early  stages  of  practice  where  improvement  is  not  possible, 
will  recover  within  ten  seconds. 

'*At  the  present  time  an  investigation  is  in  progress  at  the  University  of 
Utah  which  aims  to  determine  the  exact  length  of  recess  interval  required  for 
different  learners  at  various  stages  of  the  learning.  In  this  investigation  we 
are  employing  the  rate  of  assimilation  of  muscular  elements,  brought  about 
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There  are  numerous  evidences  to  indicate  that  the  effect  of  the 
recess  period  is  relative  and  depends  upon  the  type  of  practice  the 
learner  has  undergone.  Thus,  if  the  learner  has  been  making  one 
circuit  of  the  star  per  day  for  twenty-five  days,  a  recess  of  a  week, 
a  month,  or  even  nine  months,  (Fig.  7),  will  not  noticeably  re- 
duce the  time  of  the  tracing.  However,  if  a  subject  has  been 
making  ten  circuits  in  series  per  day,  and  has  thus  acquired  a  high 
rate  of  speed,  the  speed  of  tracing  will  be  very  much  reduced  by 
the  insertion  of  a  week's  recess  in  his  practice,  (Fig.  17).  It 
would  seem  in  the  first  case  that  the  cortical  irradiation  has 
reached  a  stable  form  or  pattern,  due  to  the  twenty-four  hour 
recess  periods  between  practices,  and  probably  does  not  enlarge 
appreciably  during  a  recess;  while,  in  the  case  of  an  irradiation 
pattern  built  up  by  series  practice,  we  have  a  small  pattern  which 
would  be  greatly  enlarged  by  the  insertion  of  a  long  recess  in- 
terval, and  thus  the  speed  of  the  tracing  is  reduced. 

The  pattern  of  bilateral  irradiation  seems  to  be  stable  under 
conditions  of  one  circuit  per  day  practice,  which  is  shown  by  the 
fact  that  an  arithmetical  average  of  the  time  and  error  quantities 
will  be  approximately  constant,  (later  stages  of  the  learning  in 
Figs.  4  and  6).  Our  quantitative  results  show  that  if  circuits  are 
multiplied  oftener  than  once  per  day  the  above  constant  does  not 
occur,  and  the  improvement  continues  to  take  place,  at  a  logarith- 
mic rate,  throughout  practice.  Figs.  5  and  7.  For  purposes  of 
clearness,  we  have  called  all  improvement  in  time  of  tracing, 
taking  place  from  the  reduction  of  an  irradiation  curve  by  means 
of  practice  with  twenty-four  hour  recess  periods.  Fig.  3,  Part  I, 
primary  facilitation;  while  that  gain  in  speed  of  tracing  brought 
about  by  series  practice,  or  with  recess  periods  of  less  than 
twenty-four  hours,  is  secondary  facilitation.  Primaiy  facilita- 
tion is  thus  seen  to  be  limited  by  the  speed  of  functioning  of  a 
stable  irradiation  pattern,  built  up  by  twenty-four  recess  periods ; 
secondary  facilitation  is  unlimited,  except  physiologically. 

We  have  been  frequently  amazed  at  the  entire  absence  of 

by  recess  periods  of  varying  length,  and  the  rate  of  dissimilation,  brought 
about  by  series  practice.  While  the  problem  presents  numerous  difficulties, 
it  does  not  seem  impossible  of  solution. 
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forgetting  in  this  problem.  In  a  number  of  instances,  (Figs.  4, 
5  and  7),  recess  intervals  as  long  as  eight  months  in  length 
occurred  in  the  learning  without  any  visible  sign  of  forgetting 
as  a  result.  The  exfdanation  for  this  seems,  to  the  writer,  to 
lie  in  the  fact  that  the  coordinations  acquired  in  this  act  of  learn- 
ing are  related  to  the  elements  of  a  situation — ^mirrorwise  per- 
ception— ^not  found  in  the  case  of  other  acquired  coordinations. 
If  the  subject  lived  in  a  mirrorwise  world,  there  would  then  Be 
forgetting  in  mirror  tracing,  since  the  coordinations  acquired  for 
similar  situations  would  become  fused  and  thus  produce  a  definite 
loss  through  interference, — the  chief  factor  in  motor  forgetting. 
It  is  worthy  of  note  that  the  absence  of  forgetting  in  our  problem 
has  contributed  much  to  our  findings  relative  to  the  positive  value 
of  the  recess  period. 

f .  Behaznor  of  the  Eye  under  Various  Conditions. — ^We  have 
already  indicated  in  our  introspective  analysis  that  during  recess 
period  practice  under  accuracy  instructions,  the  visual  attention 
of  the  subject  is  directed  to  the  details  of  the  path  to  be  traced 
by  the  stylus;  this  visual  attention  assumes  the  character  of 
fbcation.  In  series  practice,  or  in  practice  under  speed  instruc- 
tions, the  visual  attention  of  the  subject  was  found  to  lose  this 
fixation  character  and  to  become  distributed  over  a  larger  and 
larger  area  of  the  star  as  practice  proceeds.  In  this  case  the  de- 
tails of  the  path  to  be  traced  are  not  observed;  the  subject  reacts 
to  his  visual  impression  of  the  general  direction  of  the  path. 

It  is  now  only  necessary  to  observe  that  when  the  visual  atten- 
tion is  narrowed  down  to  details,  during  recess  period  practice, 
the  neuromuscular  elements  from  the  cortical  center  to  the  arm, 
are  functioning  simultaneously;  but  when  the  visual  attention  is 
too  much  spread  out,  so  as  to  perceive  only  the  general  direction 
of  the  path,  the  neuromuscular  elements  function,  not  simultan- 
eously, but  successively,  or  in  solitary  fashion.  From  this,  we 
gather  that  the  control  in  this  problem  is  correlated  with  the  be- 
havior of  the  eye;  and  the  analytical  or  obtuse  receptor  functions 
of  the  eye  depend  upon  the  conditions  of  practice, — series  or  recess 
period.  Wood  worth  (54)  found  much  the  same  state  of  affairs 
in  his  study  of  the  accuracy  of  voluntary  movements;  although 
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he  does  not  carry  the  analysis  so  far  as  we  have  attempted  in  this 
investigation. 

It  is  well  to  note  at  this  point  that  our  subjects  in  the  alcohol 
experiment  reported  that  the  drug  seemed  to  affect  the  eye  in  a 
very  noticeable  way,  and,  as  a  result,  they  were  not  able  to  vis- 
ually fixate  the  details  of  the  path.  The  tracings  secured  under 
the  effect  of  alcohol  show  a  definite  loss  in  accuracy. 
♦  From  the  foregoing  findings  it  is  apparent  that  when  the  eye 
acts  as  an  analytical  receptor, — visual  attention  directed  to  de- 
tails of  the  path, — we  have  simultaneous  irradiation  over  the 
efferent  neuromuscular  paths ;  but  when  it  acts  as  an  obtuse  re- 
ceptor,— as  in  the  perception  of  the  general  trend  of  the  path, — 
we  have  successive  irradiation,  describable  in  terms  of  reciprocal 
innervation.* 

g.  The  Work  of  Pcnvlow,  Sherrington,  and  Others,  in  Rcr 
lation  to  our  Findings. — Pawlow  has  explained  the  conditioned 
reflex  by  the  principle  of  irradiation  (29).  He  has  also  observed 
(32)  that  this  irradiation  or  conditioning  takes  place  only  when 
the  stimuli  are  separated  by  time  intervals.  From  this  it  seems 
that  the  Pawlow  conception  of  the  conditioned  reflex  and  our  own 
findings  as  to  the  physiological  foundations  of  the  learning  in 
this  investigation  are  in  perfect  harmony. 

A  somewhat  clearer  insight  into  the  relation  between  Pawlow's  work  and 
our  own  findings,  however,  is  secured  by  a  further  analysis  of  his  experiments. 
He  succeeds  in  conditioning  a  new  stimulus  when  that  stimulus  is  applied 
intermittently,  but  simultaneously  with  or  in  close  succession  to  the  functioning 
of  the  unconditioned  response.  Thus,  the  meat-powder  stimulus  applied  to 
the  tongue  is  simultaneous  with  the  ringing  of  the  bell ;  and,  after  a  number 
of  repetitions  of  this  combination,  the  sound  of  the  bell  is  observed  to  stimu- 
late the  secretion  of  the  saliva,  which  was  formerly  brought  about  only  by  the 
unconditioned,  meat  stimulus.  There  is  then  an  irradiation  from  the  auditory, 
affervent  nerves  to  the  salivary,  efferent  nerve  fibres. 

The  relation  of  this  principle  of  irradiation  to  our  own  problem  will  prob- 
ably be  yet  more  apparent,  if  it  is  assumed  that  the  auditory  stimulus 
originally  produced  an  unconditioned  response,  such  as  the  perking  of  the 
ears  of  the  dog.  Then  it  will  be  seen  that,  after  the  conditioning,  the  auditory 
stimulus  flows  out  over,  not  only  the  effervent  paths  which  produced  the  perk- 
ing of  the  ears,  but  also  the  salivary  efferent  paths  which  were  in  simultaneous 
function  with  the  perking  of  the  ears. 

Pawlow  and  his  pupils  have  also  shown  (30,  38,  52)  that  the 
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conditioned  reflexes  are  worn  out  by  repetition  without  adequate 
recess  intervals.  When  these  conditioned  reflexes  are  not  com- 
pletely worn  out,  they  are  partly  restored  by  the  action  of  the 
recess  period.  These  investigations  have  also  shown  that  the 
conditioning  of  an  unnatural  stimulus  is  always  brought  about  by 
what  they  call  an  "analytical  receptor*' ;  in  other  words,  the  ir- 
radiation is  produced  by  such  a  receptor. 

The  keystone  in  the  arch  of  Sherrington's  system  is  the  final 
common  path,  which  is,  neurologically,  just  the  opposite  of  our 
principle  of  the  multiple  final  path  in  simultaneous  irradiation. 
Sherrington's  principle  of  the  final  common  path  has  been  de- 
duced largely  from  his  work  upon  the  spinal  dog,  where  his 
experiments  have  involved  only  the  obtuse  receptors  below  the 
medulla ;  thus,  as  it  appears  to  us,  his  principle  of  the  final  com- 
mon path  is  directly  dependent  upon  the  type  of  reaction  secured 
through  stimulation  of  the  obtuse  touch,  or  pain,  receptors  on  the 
surface  of  the  dog's  body.  The  work  of  Sherrington  needs,  in 
our  judgment,  to  be  supplemented  by  the  work  of  Pawlow,  if  we 
would  have  a  physiology  of  the  nervous  system  upon  which 
human  learning,  even  of  the  trial  and  error  type,  may  rest.  The 
work  of  Pawlow  may  be  clarified  by  the  findings  of  this  investiga- 
tion,— that  one  aspect  of  the  learning,  simultaneous  irradiation, 
is  brought  about  directly  by  the  effect  of  the  recess  period  which 
produces  the  analytical  function  of  the  analytical  receptors.  The 
work  of  Pawlow  in  pointing  out  the  function  of  the  analytical 
receptors,  the  foundation  of  the  irradiation,  is  then  seen  to  be 
supplemented  by  our  finding  that  the  eye  may  function  as  an 
analytical,  or  as  an  obtuse,  receptor;  and  the  manner  of  present- 
ing the  stimulus,  in  series  or  intermittently,  determines  the  char- 
acter of  this  function. 

Our  contention  is  that  Sherrington's  final  common  path  con- 
ception is  fairly  adequate  as  an  explanatory  principle  for  certain 
nervous  integrations  of  the  spinal  dog,  where  the  irradiation  is 
largely  to  closely  allied  musculature — immediate  spinal  induction 
in  Sherrington's  nomenclature ;  but  it  is  far  from  adequate  for  the 
human  subject  or,  even  for  the  dog,  with  analytical  receptors  and 
cerebrum  intact. 
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Our  criticism  of  Sherrington's  physiological  system,  that  it  is 
wholly  inadequate  to  furnish  a  physiological  foundation  for 
human  learning,  leads  us  to  a  similar  criticism  of  the  system  em- 
ployed by  Thomdike  (49,  50)  in  his  psychology  of  learning. 
Thomdike  advances  a  semi-behavioristic  system  with  but  one 
physiological  element, — repetition  of  the  stimulus.  He  attempts 
to  build  a  system  about  this  one  element  by  proposing  his  con- 
ception of  "bonds"  or  "connections,"  functional  terms  indicating 
a  state  of  affairs  that  requires  some  dynamic  agency  to  bring 
about  their  existence;  repetition  alone  cannot  establish  his  con- 
nections. The  dynamic  element  needed  for  this  system  is  found 
in  the  "feeling  of  satisfyingness,"  which  has,  as  its  physiological 
foundation,  the  conduction  of  neurones  ready  to  conduct, — a 
princii^e  as  vague  as  it  is  unphysiological.  Without  further 
necessary  details  regarding  the  structure  of  this  "readiness  of 
neurones  to  conduct,"  physiologists  must  certainly  regard  this 
state  of  affairs  as  interpretative  and  not  a  scientific  description 
of  an  observable  situation.  Thomdike's  predicament  is  not  im- 
proved, for  physiology,  by  invoking  the  aid  of  the  psychological 
aspect  of  this  readiness  of  the  neurones  to  conduct,  viz.,  the  "feel- 
ing of  satisfyingness,"  which  occurs  when  neurones  ready  to 
conduct,  do  conduct,  (50). 

In  our  opinion  the  term  bond,  or  connection,  is  an  artifact, 
wholly  unsupported  by  analysis,  which  is  made  to  appear  work- 
able by  a  vague,  as  well  as  an  tmwarranted,  assumption  that  the 
bond  or  connection  is  established,  or  "stamped  in,"  by  the  feeling 
of  satisfyingness  following  upon  a  chance  establishment  of  the 
bond.  Either  the  readiness  to  conduct  or  the  satisfyingness  is 
without  physiological  foundation.  Science,  clearly,  must  require 
an  element,  other  than  the  repetition  of  a  stimulus,  in  a  physiolog- 
ical system  that  would  explain  human  learning.'^ 

Book,  in  his  study  of  typewriting  (4)  points  out  that  the  pur- 
poseful use  of  a  new  habit  seemed  to  be  more  of  a  hindrance  than 
a  help.  He  also  holds  (p.  171)  that  in  later  stages  of  the  learn- 
ing, the  writing  becomes  harder  and  harder  to  attend  to.    This  is 

^  We  are  in  agreement  with  Titchener  (51)  that,  in  the  last  analysis,  psycho- 
logical processes  are  explained  by  the  underlying  physiological  processes. 
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in  agreement  with  our  contention  that  as  practice  proceeds,  the 
visual  attention  spreads  over  a  larger  and  larger  field,  and  thus 
becomes  more  general ;  the  details  drop  out. 

Book  holds  that  improvement  after  recess  is  due  to  the  fact 
that  during  the  recess  period  certain  'psychophysical  difficulties' 
and  'interfering  tendencies'  drop  out.  On  further  analysis  one 
finds  that  the  interfering  tendencies  which  he  has  in  mind  are 
made  up,  at  least  in  part,  of  the  ever  present  tendency  of  the 
subject  to  attempt  speed  before  the  co-ordinations  are  ready.  In 
support  of  this  fact.  Book  holds  (p.  179)  that  the  vital  problem 
in  learning  is  determining  just  how  fast  to  push  ahead.  Now, 
it  is  the  recess  period,  as  has  been  shown  in  this  investigation, 
which  corrects  this  tendency  to  push  ahead  too  fast  and  brings  the 
individual  back  to  a  stage  when  his  attention  is  devoted  to  the 
details.  Book  points  out  also  (p.  179)  that  the  learner  can  do 
nothing  to  control  his  fluctuations  of  attention ;  ''it  is  not  what 
the  learner  would  like  to  do,  but  what  his  mental  and  physical 
conditions  will  let  him  do."  This  is  in  substantial  agreement 
with  the  results  obtained  in  this  investigation. 

We  find  also  that  our  findings  are  supported  by  many  of 
Woodworth's  results  in  his  study  of  the  accuracy  of  voluntary 
movement  (54).  Throughout  his  study  he  contends  that  visual 
control  works  for  accuracy  unless  the  movement  be  at  high  speed ; 
"at  high  speeds  the  accuracy  contributed  by  voluntary  attention, 
using  either  eyes  or  muscular  sense,  amounts  to  zero;  by  decreas- 
ing the  speed  we  greatly  increase  the  accuracy  due  to  visual  con- 
trol." This  is  in  agreement  with  the  position  taken  in  this  in- 
vestigation on  the  relation  of  visual  control  to  speed. 

Woodworth  points  out  (p.  39)  that  "if  we  distinguish  between 
initial  adjustment  and  current  control,  we  see  that  the  conditions 
of  current  control  are  not  changed  by  altering  the  time  interval 
between  strokes;  a  long  interval  works  slowly  on  the  initial  ad- 
justment." He  finds,  further,  (p.  74)  that  when  the  speed  of 
a  movement,  as  in  handwriting,  is  slow  enough  'to  permit  fine 
secondary  adjustments'  the  eyes  assist  greatly  in  securing  ac- 
curacy ;  when  the  eyes  are  not  used,  however,  he  finds  that  "ex- 
treme slowness  is  a  disadvantage;  higher  speed  of  writing  move- 
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ment  is  secured  with  eyes  closed  than  with  eyes  open/'  This  is 
in  complete  agreement  with  the  findings  in  this  investigation  that 
the  visual  perception  when  concentrated  leads  to  accuracy. 

Many  other  investigators,  such  as  Binet  (2),  Pechstein  (33) 
and  Lashley  (24)  have  found  experimental  confirmation  of  the 
value  of  the  recess  period.  Finally,  we  should  note  that  James 
(18)  made  famous  the  observation  that  "we  learn  to  skate  in 
summer  and  swim  in  winter,"  which,  more  than  any  other  ob- 
servation, has  stimulated  this  investigation. 
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IV.     SUMMARY 

In  this  study  of  trial  and  error  learning,  we  have  made  an 
analysis  of  the  behavior  of  human  subjects  under  definite  instruc- 
tions and  before  a  constant  situation, — ^namely  the  tracing  of  a 
simple  diagram  by  mirror  reflection.  The  study  has  revealed  at 
every  point  the  behavioristic  nature  of  this  type  of  learning;  it 
has  shown  that  learning  to  trace,  by  mirror  reflection,  a  line 
which  runs  obliquely  to  the  median  plane  of  the  body,  consists 
(Mtijilj'  ill  Hn]ilillli|j  I  mn(Jjficationof  the  y^^jppnse  the  subject, 
J^jjQgsjto  the^tuati^rn  nij  a  t^ginnrr  A  description  of  the  pro- 
gressive  moditication  of  this  response,  under  such  conditions  as 
varied  instructions  to  the  learner,  varied  temporal  distribution  of 
practice  periods,  constitutes  the  material  of  this  paper. 

We  have  observed  the  repetition  of  the  response  of  the  learner 
with  and  without  recess  periods  between  the  repetitions,  and  our 
findings  here  are  to  the  effect  that  the  recess  period,  in  early 

-eS  nfjhfi<>  Ji^amingj  twlnfln  fmgf44i>  thg  aftai>mgn»  of  aCCUrflCy; 

and  ^at  repetitions  without  recess,  in  later  stages  of  the  learning, 
make  possible  the  attainment  of  speed.  AcBlBSfey  was  shown  to 
depend  upon  the  simultaneous  functioning  of  ccftein  opposed 
muscles — simultaneous  irradiation — predonfMnently^Qf.  the  used 
arm ;  speed  was  seen  to  depend  upon  ^o  closiely  related  factors, 
— najnetTT^mination^  of  unnecessary  "^^^sr^^^hirr  a"^  f]jy^^"^" 
tion  of  the  period  of  delay  required  and  made  possible  by  recess 
period  practice  when  the  eye  is  fixated  narrowly  upon  the  details 
of  the  tracing;  these  two  elements,  in  our  interpretation,  con- 
stitute physiological  facilitation. 

In  accuracy  tracings  the  eye  was  shown  to  ^act  as  an  analytical 
receptor,  being  fixated  upon  the  details  of  the  tracing;  in  speed 
practice  the  visual  perception  is  spread  out  over  a  large  area  of 
the  objective  situation.  When  the  eye  is  acting  as  an  analytical 
receptor,  simultaneous  irradiation  obtains  in  the  eflferent  neuro- 
musculature  of  the  body  parts  concerned  in  the  tracing.  When 
the  eye  begins  to  act  as  an  obtuse  receptor,  the  functioning  effer- 
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ent  neuromusculature  becomes  reduced  and,  as  a  last  stage  of 
this,  when  great  speed  has  been  attained,  the  efferent  neuro- 
musculature functions  according  to  the  principle  of  reciprocal 
innervation,  that  is,  only  closely  allied  neuromuscular  elements  are 
innervated  and  the  opposed  elements  are  inhibited. 

The  value  of  instructions  given  to  a  learner  was  found  to  de- 
pend wholly  upon  the  ^ursiojogical^^^  resulting  from  the 
type  of  practice — series  or  recess  period — ^under  which  the  learner 
is  working;  recess  period  practice  making  accuracy  possible,  and 
series  practice,  speed. 

It  was  shown  that  the  mental  image  of  a  movement  in  mirror 
tracing  ( .i^mnTHmfwil  Ihi  jnnii  iiu>ntr''TKe"?eeBflg  ot  pleasant- 
ness  following  a  satisfactory  movement  was  shown  to  have  no 
effect  upon  the  reappearance  of  the  movement;  and  this  feeling 
of  pleasantness  was  shown^to  have  no  place  as  an  element  in 
bringing  about  the  improvement  at  any  stage  of  the  learning. 
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Table  II.  (folded  insert  opposite).  This  table  shows  the  quantitative  data 
from  the  work  of  thirteen  students,  all  working  under  identical  conditions 
as  to  instructions  to  subjects  and  conditions  of  practice.  The  exact  length 
of  the  recess  intervals  is  shown  in  Figs.  2  and  21,  which  were  plotted  from 
the  averages  shown  in  A  and  B  of  the  table.  The  lieadings  at  the  top  in- 
dicate the  conditions  of  practice  maintained  thoroughout  the  experiment. 

Part  ^  of  the  table  represents  the  work  of  ten  students  who  did  not  show 
improvement  in  accuracy  in  the  early  part  of  the  learning  during  ten  circuits 
of  no  recess  practice,  rart  B  represents  the  work  of  three  students  who  did 
show  a  slight  improvement  in  accuracy  during  this  practice;  here,  however, 
the  improvement  is  so  slight  as  to  be  almost  negligible  when  compared  with 
such  improvement  as  takes  place  in  early  recess  period  practice,  Figs.  4,  5,  6 
and  7.  It  will  be  observed  that  the  subjects  in  Part  B  are  everywhere  less 
affected  by  the  recess  periods  than  are  the  students  in  Part  A. 
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INTRODUCTION  AND  STATEMENT  OF  PROBLEM 

The  data  supporting  this  study  were  obtained  by  means  of  the 
Bergstrom  Ergc^aph.^  The  well  known  unavoidable  defects 
common  to  ergographic  work  are  of  immaterial  value  here  ex- 
cept as  they  may  exert  a  preponderating  accidental  influence  in 
either  the  known  or  unknown  series  of  experiments.*  The  long 
period  of  time  over  which  the  experiments  extended  would  tend 
toward  an  equitable  distribution  of  such  defects  and  iron  out  any 
irregularity  of  emphasis  to  one  or  the  other  of  the  series. 

The  question  of  distribution  applies  to  such  defects  as  physio- 
logical variations  and  to  mechanical  variations  of  the  machine 
such  as  leverage  and  adjustment.  As  to  variations  in  the  mental 
complex  with  reference  to  such  features  as  attention  and  content 
there  are  wide  differences  according  to  whether  the  observer  is 
fully  or  partially  aware  of  his  progress.  The  factor  of  tedious- 
ness  must  also  be  considered.  However,  the  question  of  atten- 
tive fluctuation  or  tediousness,  as  it  may  relate  to  the  degree  of 
volitional  innervation,  may  arise  with  reference  to  any  work 
period  of  any  series  (known  or  unknown)  of  periods  all  con- 
ducted under  constant  conditions. 

In  the  periods  of  a  known  series,  i.e.,  where  the  observer  is 
fully  aware  of  his  efficiency,  attention  and  tediousness  vary  wide- 
ly from  the  periods  of  an  unknown  series  as  is  expected.  In  the 
former  series,  attention  is  heightened  and  tediousness  lessened ;  in 
the  latter  series,  especially  in^  the  initial  work  periods  attention 
frequently  lags  and  a  certain  ennui  marked  by  a  distinct  feeling 
of  depression  often  pervades  the  entire  series.  This  is  especially 
true  of  the  periods  in  the  series  of  the  first  set  of  experiments. 
In  any  series  of  work  periods,  the  periods  inter  se  proceed  under 
varying  degrees  of  attentiveness  and  interest.    Since  the  efficien- 

i  This  apparatus,  which  is  not  very  simple,  is  described  at  length  by  Prof. 
Bergstrom  in  the  Amer.  Joum.  of  Psychology,  Vol.  XIV,  1903,  pp.  510-540. 

>T.  Hough:  Ergographic  Studies  in  Neuro-Muscular  Fatigue.  Amer. 
Joum.  of  Psych.,  Vol.  5,  1901. 
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cies  of  work  periods  within  a  given  series  are  not  compared  but 
rather  the  efficiencies  of  periods  of  different  series,  such  attentive 
fluctuations  can  not  for  our  purpose  be  considered  defects.  As 
far  as  variations  in  attention  and  tediousness  apply  to  work  peri- 
ods of  disparate  series  (i.e.,  known  and  unknown),  we  find  in 
them  conditions  accounting  for  efficiency  differences. 

The  question  concerning  which  an  experimental  answer  is  here 
attempted  is,  whether  a  condition  of  relatively  complete  aware- 
ness of  results  is  more  or  less  favorable  to  efficiency  than  is  a  con- 
dition of  partial  awareness.  To  what  extent,  if  any,  does  knowl- 
edge of  results  further  efficiency ;  or,  to  what  extent  does  a  lack 
of  knowledge  curtail  efficiency;  or,  is  the  aggr^jate  accomplish- 
ment indifferent  to  differing  degrees  of  conscious  accompani- 
ments. Again,  is  a  response,  in  which  a  knowledge  of  results 
constitutes  essential  features,  more  or  less  efficient  than  a  re-^ 
sponse  when  such  knowledge  is  relatively  lacking. 

The  work  of  Judd*  on  "Practice  without  Knowledge  of  Re- 
sults" clearly  permits  the  conclusion  that  greater  efficiency  re- 
sults when  the  observer  is  aware  of  the  conditions  underlyir^ 
the  procedure  of  the  experiment.  It  is  probable  that  still  greater 
efficiency  would  have  resulted  had  the  subjects  observed  by  how 
much  their  reactions  were  in  error. 

Conduct  of  the  Experiment  and  Attending  Considerations 

The  data  finally  incorporated  in  this  study  were  preceded  by  an 
imusually  long  period  of  preliminary  practice.  The  entire  period 
of  experimentation,  in  the  case  of  observer  M,  covers  three  years, 
two  of  which  suffered  certain  unavoidable  interruptions.  The 
results  of  these  two  years  are  not  included  in  this  study  and  their 
chief  value  lies  in  the  fact  that  practice  effects  reached  a  desirable 
minimum.  The  data,  therefore,  represent  the  efficiency  values 
of  trained  muscles.  In  the  cases  of  observers,  J,  and  W,  so  ex- 
tended a  preliminary  practice  period  does  not  obtain.  All  experi- 
ments were  begun  at  approximately  9  A.  M. 

The  hand  and  arm  of  the  observers  were  strapped  into  the 
ergog^aph  in  the  usual  manner  so  as  to  secure  maximum  free- 

•  Psychological  Rev.,  Monog.  Supp.,  Vol.  11,  1905. 
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dom  for  the  middle  finger  of  the  right  hand  and  to  exclude,  so 
far  as  possible,  all  irrelevant  movements  contributory  to  the  effi- 
ciency of  this  finger. 

The  study  is  divided  into  three  sets  of  experiments ;  each  set 
is  divided  into  four  series :  ascending  and  descending  known*  and 
ascending  and  descending  unknown.  Each  series  of  the  first 
and  second  set  is  divided  into  work  periods  of  eleven  each.  The 
known  series  consists  of  experiments  in  which  the  observer  was 
fully  aware  of  his  results  during  the  conduct  of  the  experiment 
and  of  his  results  during  previous  known  work  periods.  The 
records  of  the  known  periods  were  at  all  times  open  to  the  ob- 
server's critical  examination ;  the  records  for  the  unknown  periods  ^ 
were  closed  for  the  observer  during,  as  well  as  after,  the  comple- 
tion of  an  experiment.  Both  the  known  and  unknown  series 
consist  of  work  periods  made  up  of  subdivisions  each  of  which 
has  a  constant  duration  of  ten  seconds  excepting  the  periods  in 
which  there  are  no  rests.  The  rest  between  each  of  the  subdi- 
visions of  the  periods,  common  to  the  two  series,  varies  from 
zero  to  ten  seconds.  Eleven  work  periods,  each  separated  by  an 
interval  of  forty-eight  hours,  constitute  a  series  in  which  there 
is  continuous  work  in  the  zero  period;  a  rest  of  one  second  to 
every  ten  seconds  of  work  in  the  first  period ;  two  seconds  of  rest 
to  every  ten  seconds  of  work  in  the  second  period  and  so  on  until 
the  seconds  of  rest  equal  the  seconds  of  work,  i.e.,  ten.  It  will 
be  noticed  that  in  the  ascending  known  and  unknown  series  of 
the  first  set  and  in  the  ascending  unknown  and  known  of  the  sec- 
ond set  the  number  of  rest  seconds  for  each  subdivision  of  the 
work  periods  of  the  series  forms  an  arithmetical  progression  by 
a  common  difference  of  'one*  from  zero  rest  in  the  zero  work 
period  to  ten  rests  in  the  eleventh  period.  The  corresponding 
decreasing  series  of  the  first  and  second  sets  form  a  descending 

*  Note :  The  terms  'ascending'  and  'descending'  apply  to  the  order  in  which 
the  work  periods  of  a  series  are  performed  with  respect  to  an  increase  (as- 
cending) or  decrease  (descending)  in  the  number  of  rests  of  successive 
periods. 

The  terms  'known'  and  'unknown'  will  always  refer  to  the  observer's  knowl- 
edge or  lack  of  knowledge  respectively  of  his  efficiency. 
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arithmetical  progression  by  the  same  difference  with  respect  to 
the  number  of  rests. 

The  work  in  each  period  is  continued  to  exhaustion,  i.e.,  until 
the  observer  is  no  longer  able  to  lift  the  ergographic  load.  The 
observers  were  instructed  to  make  each  effort,  that  is  each  lift, 
represent  maximum  voluntary  contraction.  Since  the  periods  al- 
ways continued  to  exhaustion  it  was  desirable  to  extend  the  dura- 
tion of  the  interval  between  periods — forty-eight  hours — ^to  per- 
mit of  relatively  complete  restoration  of  the  tissues  and  to  avoid 
soreness.  In  each  subdivision  of  the  work  periods  the  second 
failure  to  lift  the  load  was  the  signal  to  stop  the  experiment. 
The  muscle  was  then  regarded  as  exhausted,  and  by  this  it  should 
not  be  inferred  that  we  hold  it  possible  to  extract  the  last  item 
of  movement  by  means  of  voluntary  innervation.*  The  speed  of 
lifting  was  fixed  by  a  metronome  beating  sixty  strokes  to  the 
minute.  In  the  zero  period  work  is  uninterrupted  by  rest;  in  the 
first  period  ten  seconds  of  work  (i.e.,  ten  lifts)  alternate  with 
one  second  of  rest;  in  the  second  period  ten  seconds  of  woric  alter- 
nate with  two  seconds  of  rest  and  so  on,  as  already  indicated, 
until  the  seconds  of  work  and  rest  are  equal.    Algebraically  this 

P  P 

may    be    represented    by    the    formula    — ,    , 

^  W  +  Ro      W  +  Rx 

P                                    P 
i , ,  in  which  P  ^  work  period  in 

W-l-R,  W  +  R,o 

in  which  each  subdivision  represents  ten  ergographic  lifts; 
W  -|-  Ro  =  no  rests  between  subdivisions;  W  +  Ri  =  i"  rest 
between  subdivisions  and  so  on  to  W  +  Rio  =  lo"  rest  be- 
tween subdivisions.  This  procedure  applies  equally  to  the  known 
and  unknown  series  of  experiments. 

Excepting  the  third  set  of  experiments,  each  set  comprises 
four  series  (two  known  and  two  unknown)  and  each  series  com- 
prises eleven  subdivided  work  periods.    The  third  set  differs  from 

B  'Exhaustion'  as  here  used  means  nothing  more  than  that  the  ergographic 
load  could  not  be  budged  for  two  successive  attempts;  it  certainly  does  not 
imply  an  anaesthetic  condition  of  any  part  of  the  neuro-muscular  chain. 
Moreover,  it  is  doubtful  whether  anything  like  exhaustion  is  possible  through 
voluntary  stimulation. 
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the  first  and  second  in  the  sequence  of  the  series,  in  the  load, 
and  in  that  the  work  periods  number  six.  The  first  and  second 
sets  differ  only  in  the  sequence  of  the  series. 

First  Set 

First  Known,  Ascending  Series  -. 5 

Number  of  the  woric  periods  0123456789  loP 

First  Unknown,  Ascending  Series         ^ 

no  break 
First  Unknown,  Descending  Series        -. 

o  I  2  3  4  5  6  7  8  9  log 
First  Known,  Descending  Series  -■ ^ 

Second  Set 

V->  ^ 

Second  Unknown,  Ascending  Series       -■ 5 

0123456789  ioS9 

Second  Known,  Ascending  Series  

<— VII  no  break 

Second  Known,  Descending  Series         — •  —  ' ^ 

0123456789  log 

Second  Unknown,  Descending  Series     S9 

<-VIII 
Third  Set  (Isometric  Contractions) 

I-> 

First  Known,  Ascending  Series  

Number  of  the  Work  Periods  012345 

^-11 
First  Unknown,  Descending  Series       

III-> 
Second  Known,  Ascending  Series 

0  12345 

Second  Known,  Descending  Series         

Note:  The  broken  lines  represent  the  work  periods  of  a  series.  The 
figures  designate  the  duration  in  seconds  of  the  rests  in  each  work  period 
and  at  the  same  time  number  the  periods.  The  arrows  indicate  the  order  in 
which  the  work  periods  were  performed. 

It  will  be  noticed  that  in  the  first  set  the  two  known  occupy 
the  least,  and  most,  favorable  positions  with  respect  to  practice 
effects.  The  two  unknown  series  occupy  a  more  favorable  posi- 
tion than  the  first  known  series  and  a  less  favorable  position  than 
the  second  known  series  with  respect  to  practice  effects.  This 
sequence  permits  a  fairly  equitable  distribution  of  the  effects  of 
practice. 

In  the  second  set  the  two  unknown  and  the  two  known  series 
exchange  positions  with  the  two  known  and  the  two  unknown 
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series  of  the  first  set  of  experiments.  The  sequence  of  series  in 
the  first  set  and  the  reversal  of  the  sequence  (with  respect  to 
'known  or  'unknown')  in  the  second  set  distribute  equally  the 
advantages  and  disadvantages  due  to  position. 

In  passing  from  the  last  work  period  of  the  ascending  known 
of  the  first  set  to  the  zero  work  period  of  the  ascending  unknown 
of  the  same  set  a  drop  or  'break* ;  i.e.  an  abrupt  transition  from 
ten  rests  to  no  rests  occurs.  This  is  equally  true  of  the  first  un- 
known and  known  of  the  descending  series  of  the  same  set  ex- 
cept that  the  break  occurs  in  the  reverse  order.  In  this  instance 
the  transition  is  abrupt  from  a  condition  of  no  rest  in  the  zero 
period  to  the  maximum  rest  in  the  tenth  perickl ;  in  the  former  in- 
stance the  transition  or  'break'  is  from  a  condition  of  maximum 
rest  in  the  tenth  period  to  no  rest  in  the  zero  period.  We  not 
only  have  to  do  here  with  the  phenomenon  of  adaptation  but 
adaptation  under  different  conditions.  This  phenomenon  of 
'break*  does  not  prevail  between  the  two  unknown  ascending  and 
descending  (arrows,  II  &  III,  p.  6)  series  where  the  ascent  of 
the  one  is  followed  by  the  gradual  descent  of  the  other.  The 
same  is  true  of  the  two  known  ascending  and  descending  series 
(arrows  VI  &  VII,  p.  6)  of  the  second  set.  Whatever  advan- 
tages or  disadvantages,  if  any,  accrue  to  either  the  known  or  un- 
known series  of  the  first  set  because  of  'breaks'  is  fully  covered 
by  reversing  the  order  of  the  series  of  the  second  set.  We  find, 
then,  the  first  break  of  the  first  set  between  the  first  ascending 
known  and  unknown  series  paralleled  by  a  break  between  the 
ascending  unknown  and  known  series  of  the  second  set.  We 
find  'no  break'  between  the  two  unknown  series  of  the  first  set 
paralleled  by  'no  break'  between  the  two  known  series  of  the  sec- 
ond set.  Further,  the  break  between  the  descending  unknown  and 
known  series  of  the  first  set  is  paralleled  by  a  similar  break  in  the 
descending  known  and  unknown  series  of  the  second  set. 

In  any  ascending  or  descending  series  the  subject  observed  a 
general  adaptation  or  "attunement"  of  the  system  to  rests  as  they 
increased  or  decreased.  This  is  evident  when  it  is  observed 
(Table  5)  that  in  the  concluding  work  period  of  one  of  the  as- 
cending series  there  are  247  subdivisions  (each  subdivision  com- 
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prises  lo  lifts  alternating  with  lo  seconds  rest)  with  a  total  rest 
time  of  41'  and  a  total  work  time  of  41',  i".  For  this  period  the 
subject  is  in  the  machine  i  hr.,  22  min.,  i  sec.  It  should  be  no- 
ticed too  that  the  immediately  preceding  work  period  covers  a 
total  time  of  52  min.  and  16  sec.  From  this  condition  of  relative 
adaptation  to  long  rest  periods  in  an  unknown  series  the  subject 
begins  the  zero  work  period  of  a  known  series  with  no  rest 
(Table  6).  The  brief  duration,  2  min.,  12  sec.,  of  this  work 
period  stands  in  strong  contrast  to  the  immediately  preceding 
work  period  mentioned  above.  The  long  interval  of  time  sepa- 
rating work  periods,  obviously,  obliterated  much  of  the  phenome^ 
non  of  adaptation.  That  unmistakable  traces  of  such  adaptation 
remain,  however,  is  evident  from  the  subject's  tendency  to  in- 
sert rests  in  the  no-rest  work  period.  In  several  instances  such 
insertion  actually  occurs  as  the  ergographic  records  show. 

The  intensity  of  the  tendency  to  insert  rests  in  the  no-rest  work 
period  here  under  consideration  (Table  6,  zero  period)  is  de- 
termined by  the  number  and  amount  of  rests  which  the  subject 
made  during  the  immediately  preceding  series  of  work  periods 
(Table  5).  Reference  to  this  table  shows  that  observer  M  rests 
907  times  in  the  eleven  work  days  and  that  this  amounts  to  i 
hour  58  min.  and  53  seconds.  As  a  consequence  there  is  de- 
veloped what  may  be  called  a  aperiodic  rest  habit/ 

In  commenting  on  the  work  of  the  zero  period  (Table  6)  the 
observer  says :  "I  can  resist  the  tendency  to  rest  here  only  with 
the  greatest  effort.  In  one  or  two  instances  I  have  actually 
rested  as  the  records  will  no  doubt  show.  I  get  an  intense  'rest 
feel'  at  the  conclusion  of  each  tenth  lift.  This  is  interesting  in 
that  I  seem  driven  by  a  sort  of  organic  urgency  amounting  to  in- 
ner necessity  to  insert  the  rests.  How  the  rests  are  finally  in- 
hibited I  am  unable  to  explain." 

What  we  have  here  is  an  advanced  stage  of  habituation  in 
which  the  tenth  lift  and  a  rest  form  fixed  associates  so  that  the 
appearance  of  the  requisite  ntunber  of  lifts  conditions  the  appear- 
ance of  the  rest.  With  a  still  more  advanced  stage  of  habituation 
the  rests  would  be  expected  to  follow  the  lifts  more  readily  and 
persistently.    The  insertion  of  rests  in  a  zero  work  period  men*- 
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tioned  by  the  observer  and  indicated  in  the  records  dearly  shows 
the  presence  of  a  conditioned  reflex. 

The  mental  complex  takes  on  essentially  new  features  when 
passing  from  the  eleventh  woric  period  of  the  known  series  to 
the  zero  work  period  of  the  unknown  series  of  the  first  set  of 
experiments;  similarly,  when  passing  immediately  from  one  ex- 
treme work  period  of  any  series,  whether  ascending  or  descend- 
ing, to  an  opposite  extreme  of  any  other  series,  the  conscious 
content  accompanying  such  periods  varies  widely  from  that  con- 
tent common  to  consecutive  work  periods.  Certain  of  these  con- 
scious features  indicate  the  presence  of  unfavorable  conditions 
for  increased  efficiency.  Observer  remarks:  "I  experience  a 
peculiar  depressing  attitude,  a  distinct  feeling  of  disinclination  as 
I  approach  the  concluding  work  periods  of  an  ascending  series. 
This  feeling  is  quite  the  reverse  of  that  characterizing  a  descend- 
ing series.  All  extended  work  periods  whether  in  ascending  or 
descending  series  contain  elements  tending  to  decrease  effort." 
The  influence  of  such  elements  are  reflected  in  the  efficiencies  of 
any  two  successive  work  periods  which  are  separated  by  wide  dif- 
ferences in  the  number  of  rest  seconds.  There  is  no  way  of  defi- 
nitely tracing  the  influence  of  such  elements  for  the  reason  that 
we  are  dealing  here  with  complex  factors  and  it  is  undoubtedly 
true  that  the  elements  referred  to  are  merged  with  such  factors  as 
motor  attunement,  practice  effects  and  the  like.  It  is  probable, 
however,  that  practice  effects  exert  a  positive  influence  when  a 
work  period  containing  maximal  rest  seconds  is  followed  by  a 
work  period  of  no  rest,  while  the  muscular  "set"  exerts  a  nega- 
tive influence. 

The  sum  for  all  observers  of  the  absolute  (W)  values  of  the 
above  compared  work  periods  preceding  the  break  in  adaptation 
is  675.95  Kg  M. ;  the  sum  for  the  periods  immediately  following 

W 

the  'break'  is  534.34  Kg  M.     The  corresponding  unit   — 

Kg  M.  Kg  M. 

values  are  .8249  — ■ and  .8781 .    From  these  data  it 

Sec.  Sec. 

follows  that  the  periods  immediately  following  the  break  in  adap- 
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tation  are  less  efficient  by  141.61  Kg  M.  than  the  corresponding 

KgM. 
preceding  periods.    In  terms  of • —  the  efficiency  is  reversed, 

Sec. 

that  is,  after  the  'break'  the  periods  immediately  succeeding  are 

KgM. 

more  efficient  by  .0532 — .    The  absolute  values,  therefore, 

Sec. 

stand  in  inverse  relation  to  the  unit  values.     What  degree  of 

differences  here  noted  and  to  what  extent  the  character  of  these 

differences  can  be  ascribed  to  the  phenomenon  of  adaptation 

would  be  difficult  to  say  because  of  the  multiplicity  of  factors 

involved.    Practice  effects  and  awareness  and  lack  of  awareness 

of  results  without  doubt  condition  the  values  here- 

The  following  data  taken  from  observer  M  are  illustrative  of 

the  compared  periods : 

First  Break  of  First  Set  of  Experiments : 

KgM. 
Zero  period,  ist  Asc  Kn.   Series    —     6.66  KgM.  —  .0569 


Sec. 
1st      "    Unkn.     "        —     8.65       "      —  .1008      "  ' 

1.99      "  .0439      " 

Second  Break  of  First  Set  of  Experiments : 

KgM. 

loth  per.,   1st  Desc.  Unkn.   Series  —  11 1.37  KgM.  —  .0918 

Sec. 
"       "        "        "      Kn.  "       —    97.36      "      —  .0764      " 

14.01       "  X)I54 

First  Break  of  Second  Set  of  Experiments : 

KgM. 

Zero  per.,  2nd.  Asc.  Unkn.  Series  —    12.00  Kg  M.  —  .0857 

Sec 
"       "        "        "      Kn.  "       —    11.64      "      —  .0883       " 

.36      "  .0026      " 

Second  Break  of  Second  Set  of  Experiments : 

KgM. 

loth  per.,   2nd.   Desc.   Kn.   Series   —  233.23  Kg  M.  —  .0923 

Sec 
• Unkn.      "        —  132.06      "      —  .0999      " 

101.17       "      —  .0076      " 
It  has  already  been  noted  that  the  arrangement  of  the  various 
series  in  the  first  and  second  sets  of  experiments  is  intended  to 
distribute  equally  the  advantages  and  disadvantages  to  the  known 
and  unknown  series. 
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The  third  set  of  experiments  effectually  eliminates  all  breaks 
between  series  whether  known  or  unknown.  The  muscular  adap- 
tation to  gradually  increasing  rest  in  an  ascending  series  is  fol- 
lowed by  an  adaptation  to  gradually  decreasing  rest  in  a  descaid- 
ing  series.  In  this  set  of  experiments  as  in  the  first  set  the  un- 
known series  occupy  the  least,  and  most,  favorable  positions. 
The  maximum  rest  in  any  subdivision  of  a  series  is  five  seconds 
while  the  minimum  is  zero  as  in  the  preceding  sets.  A  fourth  set, 
bearing  the  same  relation  to  the  third  set  as  the  second  set  bears 
to  the  first,  was  made  impossible  by  the  withdrawal  of  the  ob- 
servers. The  ergographic  load  for  this  third  set  was  six  kilo- 
grams while  for  the  first  and  second  sets  it  was  four  kilograms. 

The  isometric  method  (spring)  was  employed  throughout  for 
both  loads.  The  Bergstrom  ergograph  is  adapted  to  this  method 
although  it  could  be  made  to  serve  the  isotanic  method.** 

RESULTS 

In  the  three  sets  of  experiments  there  are  six  unknown  and  six 
known  series  which  together  constitute  one  himdred  twelve  work 
periods.  Each  known  work  period  has  a  corresponding  unknown 
period,  and  each  period^  whether  known  or  tmknown,  has  an 
absolute  and  a  utiit  efficiency  value.  For  example,  in  Table  I 
the  absolute  and  unit  values  of  the  fifth  work  period  of  the  as- 
cending known  series  are  22.84  kilogrammeters  and  .0954  kilo- 
grammeter  seconds  (Kg  M/Sec.)  respectively.  The  correspond- 
ing values  in  the  ascending  unknown  series  are,  22.94  Kg  M.  and 
.0703  Kg  M/sec.  (Table  II)  In  this  particular  case  the  abso- 
lute values  are  equivocal  while  the  unit  value  of  the  known  clearly 
exceeds  that  of  the  imknown.  If  now  the  remaining  periods  are 
considered  in  the  same  manner  we  get  the  following  variety  of 
relations : 

I .  In  forty-six  cases  the  absolute  and  xmit  values  of  the  known 

periods  stand  in  direct  relation  to  the  corresponding  values  of 

the  unknown  periods.    In  these  cases  the  two  kinds  of  values  of 

the  known  periods  exceed  that  of  the  unknown. 

•The  literature  setting  forth  the  merits  of  the  two  methods  is  cited  by  T. 
A.  Storey  in  the  Amer.  Journ.  of  Physiol.  Vol.  8,  p.  358. 
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Tables  I  and  II 
First  Ascending  Known.    Load  4  Kilograms  (Observer  M). 


B 

C 

I 

1 

Ill 
min.  sec. 

C+III 
rain,  sec 

D 

W 

w    w 

C    C+III 

MWJ 

WP 

min.  sec. 

I 

I    57 

0 

0     0 

I    57 

1.665 

6.66 

'OS69 

.0569 

•0595 

.0595 

12 

I     53 

1 

0    II 

^     i 

2.Q73 

8.29 

.0733 

.0669 

.0805 

.0737 

II 

I    46 

2 

0    20 

2     6 

2.330 

9.32 

.0879 

.0740 

.0878 

.0735 
.0338 

12 

I    56 

3 

0    33 

2     2S> 

2.276 

9.10 

.0785 

.0610 

.0854 

21 

3    37 

4 

I    24 

5      1 

4.877 

^ 

.0899 

.0649 

.0826 

.0605 

24 

3    59 

5 

I    55 

5    54 

5.710 

.0954 

X)64S 

.0683 

J0614 

^ 

3    49 

6 

2    12 

6      I 

5.447 

21.79 

.0949 

J0603 

.0^59 

.0549 

32 

5    16 

7 

3    37 

8    53 

6.144 

24.57 

.0776 

X461 

.0^9 

.0481 

32 

1    ^ 

8 

4      8 

9    35 

8^82 

.1008 

.0589 

.0908 

.0627 

54 

8    59 

9 

7    57 

16    56 

13.921 

55.66 

.1003 

.0548 

.0917 

.0497 

55 

9    17 

10 

9     0 

18    17 

13.693 

54.77 

.0985 

.0500 

.0917 

.0465 

First  Ascending  Unknown.    Load 

4  Kilograms. 

I 

I    20 

0 

0      0 

I    20 

2.162 

a6s 

.1008 

.1008 

.0705 

.0725 

II 

I    54 

I 

0    10 

2      4 

2.642 

10.57 

.0926 

.0851 

.0893 

.0788 

13 

2    18 

2 

0    24 

2    42 

2.905 

11.62 

•^ 

•^7 

.0876 

.0739 

15 

2    25 

3 

0    42 

3      7 

3.101 

1240 

.0856 

.0664 

.0747 

.0595 

21 

3    35 

4 

I    20 

4    55 

4.382 

17.53 

.0616 

.0593 

.0707 

.0579 

33 

5    26 

5 

2    40 

8      6 

5.734 

22.94 

.0703 

.0471 

.0714 

.0479 

21 

3    35 

6 

2      0 

5    35 

4.339 

17.36 

.0806 

.0518 

.0708 

.0454 

40 

6    37 

7 

i    33 

II     10 

6.746 

26.98 

.0679 

.0402 

.0677 

.0407 

64 

10    40 

8 

8    24 

19      4 

9.7&I 

39.12 

.0612 

.0342 

.0624 

.0350 

lOI 

16    52 

9 

15     0 

31    52 

19.528 

78.11 

.0771 

.0406 

.0658 

.0350 

90 

15      0 

10 

15      0 

30      0 

17.584 

70.34 

.0781 

.0407 

.0692 

.0354 

B  = 

Number  of  subdivisions  of  work  periods. 

C  = 

Total  time  at  work. 

I  = 

Length  of  rest  period 

in  seconds  and  designation  of  the  period.^ 

111  = 

Total  rest  time. 

C+III  = 

Total  time  of  work  and  rest. 

D  = 

Distance  load  travels 

in  meters. 

W  = 
W 

c"" 

Work  done 

in  kilogrammeters. 

Unit  value 

per  second  of  work  done  each  period. 

w 

Rate  of  work  including  the  rest  time. 

C  +  III 

w 

MWJ  =  Average  unit  value  (— )  of  all  observers. 

c 
WP  =  Average  rate  of  work  per  second  for  each  period  including 
the  rest  time. 
*  Attention  is  called  to  the  fact  that  the  periods,  o,  1,  2,  3,  4  -  -  -  -  10  are 
the  ist,  2nd,  3rd,  4th,  5th nth  in  the  order  of  performance  respectively. 
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Tables  III  and  IV 
B  C  I       III       C+III         D         W        W      W     MWJ    WP 


min.  sec.         min.  sec.  min.  sec.  C    C-f-III 

First  Descending  Unknown.  Load  4  Kilograms.  (Observer  M) 

122  20.  13  10    20    10      40    23  27.843  III-37  .0918  .0458  .0814  .0383 

81  13    30  9    12      o      25    30  16.072  64^9  .0794  .0419  .0803  .0409 

89  14    46  811442630  i6j297  65.19  .0736  .0410  .0669  .0373 

121  20    II  7    14      o      34    II  16.560  66.24  .0663  .0323  .0627  .0351 

51  9    36  6      5    36      15    12  8.989  3596  .0624  .0394  .0608  .0383 

55  9    16  5      4    30      13    46  9.160  36.64  .0659  .0445  .0612  ^14 

29  4    55  4      I    52       6    47  6^262  25.05  ,0850  .0616  .0662  .0382 

24  46  319       5    IS  4.951  19.80  .0804  .0629  .0723  .0564 

19  3    16  2      o    36       3    52  3.925  15.70  .0801  .0681  .0759  .0648 

19  3    12  I      o    19       3    30  4.341  17.36  .0904  .0826  .0768  .0704 
I  22  000       22  2.660  10.64  .0873  .0873  .0713  .0700 

First  Descending  Known.  Load  4  Kilograms. 

128     21    14      10    21     10      42    24  24.340  97.^6  .0764  .0382  .0804  .0404 

88      14    34       9    13      3      27    37  16.717  66.87  .0764  .0404  .0793  .0418 

126     20    55        8    16    40      37    35  10781  79.12  .0630  .0351  .0675  .0377 

98      16    15        7    II     19      27    34  18.389  73.56  .0755  .0445  .0761  .0453 

59       9    43        6      5    48      15    31  12.200  48.80  .0837  .0524  .0824  .0518 

93      15    22        5      7    40      23      2  24.500  98.00  .1006  .0709  .Q735  .0500 

67      II      6       4      4    24      15    30  14.964  79-86  .1195  .0859  .0793  .0572 

244031959  7.108  28.43  .1190  .0923  .0963  .0748 

20  3    13        2      o    38       3    51  5017  20.07  .1040  .0872  .0951  .0803 
16       2    33        I      o    15        2    48  3.863  1545  .1010  .0920  .0832  .0763 

I       20       000       20       2.795    11.18    .0930    .0930    .0783    .0782 

2.  In  twenty-three  cases  the  absolute  and  unit  values  of  the 
unknown  periods  stand  in  direct  relation  to  the  corresponding 
values  of  the  known  periods.  In  these  cases  the  two  kinds  of 
values  of  the  unknown  periods  exceed  that  of  the  known. 

3.  In  thirty-one  cases  the  unit  values  of  the  known  work 
periods  stand  in  inverse  relation  to  the  corresponding  absolute 
values  of  the  unknown  periods.  In  these  cases  the  unit  values 
of  the  known  work  perieds  and  the  absolute  values  of  the  un- 
known work  periods  are  more  efficient  than  their  corresponding 
values.    For  example,  consider  the  third  work  period  (Table  i). 

W 
Here  the  absolute  (W)  value  is  9.32  Kg  M.  and  the  tmit  ( — ) 

c 

KgM. 

value  is  .0879 for  the  known  series  of  work  periods.  The 

Sec. 

corresponding  values   (Table  11)   for  the  unknown  series  are 

KgM.  KgM. 

11.62  Kg  M.  and  .0843 •    The  unit  value  (.0879 ) 

Sec.  Sec. 
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of  the  known  and  the  absolute  value  (11.62  KgM.)  of  the  un- 
known series  are  more  efficient  than  their  respective  correspond- 

KgM. 

ing  values,  (.0843 and  9.32  KgM.) 

Sec. 

4.  In  twenty-one  cases  the  unit  values  of  the  known  work 
periods  stand  in  inverse  relation  to  the  corresponding  absolute 
values  of  the  unknown  periods.  In  these  cases,  however,  the 
unit  values  of  the  known  work  periods  and  the  absolute  values 
of  the  unknown  work  periods  are  less  efficient  than  their  corre- 
sponding values. 

The  following  summary  of  Tables  III  and  IV  is  illustrative 
of  the  treatment  of  all  the  tables  as  summarized  above: 

First  Descending  Known  and  First  Descending  Unknown  Series. 

Absolute    values    of    known  Unit  values  of  known  work 

work    periods    indicated    with  periods  indicated  with  symbols, 

symbols,  greater   (>)    or  less  greater  (>)  or  less  (<)  than 

(<)    than    the    corresponding  the     corresponding     unknown 

unknown  values.  values. 

o  work  period < > 


I 
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Periods  o  and  i  are  illustrative  of  the  thirty-one  cases  above. 
Periods  2,  3,  4,  5,  6,  and  7  are  illustrative  of  the  forty-six  cases 
above.  Periods  8  and  9  are  illustrative  of  the  twenty-one  cases 
above.  Period  10  is  illustrative  of  the  twenty-three  cases  above. 
Of  the  total  number  of  cases  (121)  38  per  cent  show  a  higher 
efficiency  value,  absolute  and  unit,  for  the  known  as  compared 
to  19  per  cent  of  the  unknown  work  periods.  In  26  per  cent 
of  the  cases  the  unit  values  of  the  known  and  the  absolute  values 
of  the  unknown  show  a  higher  efficiency,  while  the  tmit  values 
of  the  unknown  and  the  absolute  values  of  the  known  show  a 
high  efficiency  in  17  per  cent  of  the  cases.  Combining  the  above 
percentages  we  find  64  per  cent  of  the  unit  values  and  55  per  cent 
of  the  absolute  values  of  the  known  work  periods  show  a  higher 
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efficiency  than  the  corresponding  values  for  the  unknown  periods. 

If  the  conditions  of  the  experiment  secure  an  equitable  distri- 
bution of  the  complex  factors  involved  in  each  work  period  such 
as  adaptation,  fatigue,  ergographic  defects  and  the  like,  then  we 
may  conclude  that  the  increased  efficiency  of  the  known  periods 
over  that  of  the  unknown  is  conditioned  by  the  conscious  factor 
of  awareness  of  results.  This  means  that  the  organism  functions 
more  effectively  when  the  ergographic  tracings  are  immediately 
present  stimuli. 

The  influence  of  this  factor  may  be  found  by  comparing  the 
absolute  and  unit  efficiency  values  for  the  known  and  unknown 
periods  as  given  in  Table  I  to  VIII  and  XIII  to  XIX  inclusive. 
A  summary  is  given  in  Table  XXII. 

In  three  work  periods  the  average  unit  values  (WP)  of  the 

unknown  periods  exceed  that  of  the  known.    These  are  the  o,  2, 

and  3  periods  and  are  indicated  by  the  less  sign  (<)  in  Table 

W 
XX.    In  one  work  period  only  do  the  average  unit  values  ( —  for 

c 

M  W  J)  of  the  unknown  exceed  in  efficiency  those  of  the  known 

periods.    This  is  the  zero  period  and  is  indicated  by  the  less 

sign  (<)  in  Table  XX, 

The  relation  of  the  grand  averages  of  the  various  efficiency 
values  for  all  the  work  periods  of  the  known  and  unknown  series 
is  found  in  Table  XXIL 

As  Table  XX  shows  the  average  unit  values  of  the  various 

series  so  Table  XXI  shows  the  average  absolute  values  for  the 

same   series.     Reference   to   Table   XXI   shows   that   in   two 

work  periods  only  (o  and  i)  do  the  average  absolute  values  of 

the  unknown  exceed  that  of  the  known  periods.    An  average  of 

^1  the  work  periods  of  all  the  observers  shows  the  known  series 

to  excel  in  absolute  efficiency  that  of  the  unknown  by  .84  Kg  M. 

(Table  XXII).    A  similar  average  of  the  unit  values  shows  the 

KgM. 

known  series  to  excel  that  of  the  tmknown  by  .0053  

Sec. 

(Table  XXII). 
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32 

31 

70 

82 

83 

160 

166 

247 

I 

17 
19 

28 

31 
42 
85 
147 

189 

262 


Tables  V  and  VI. 
Second  Ascending  Unlaiown.       Load  4  Kilograms.   (Observer  M) 


I        III       C+III 


W 


W      W     MWJ 


min.  sec. 
2    20 


15 

44 

16 

6 


mm.  sec.  mm.  sec 
000       2    20 
18 


II  32 
13  33 
13    43 

26  30 

27  31 
41  I 
Second 

2  12 
2 
3 
4 
5 
6 
14 


30 

33 

o 

34 


3 
3 
6 
7 


33 
14 

1 


21  27 

21  39 

23  16 

47  42 

52  16 

82  I 


48 
10 
36 

4 
55 

3 
24    21 

31  5 
34  50 
43    33 


Second 
B  C 


C    C+III 

3.00D    12.00  .0857  .0857  .0814  .0817 

4.090    16.36  .0838  .0767  .0769  J0704 

3.468    13.87  .0900  J0714  .0873  .0731 

6.509    26.04  .0825  .0637  .0847  .0641 

S.925    23.70  .0774  x)556  .0657  .0473 

13-834    55-34  -0800  .0430  .0663  .0414 

14.812    59JS4  .0729  .0456  .0710  .0446 

14.880    59.52  .0726  .0426  .0696  .0410 

35.097  140.39  -09P7  .0496  .0726  .0404 

40.385  161.54  .0979  .0515  .0864  J04S9 

56.586  226.34  .0920  .0461  .0761  .0448 

Load  4  IGlograms. 

2.910    11.64  -0883  .0883  .0820  .0816 

3.721    14-88  .0886  .0809  .0875  .0800 

S.108    20.43  .1075  .0906  .0883  .0747 

5.381    21.52  .0778  .0606  ^750  -0586 

7.446    29.78  .0981  .0701  .0726  .0532 

8.462    33.85  .0814  .0546  .0663  .0446 

16.235    64.94  -0770  .0482  .0625  J0404 

23.173    92.69  .0634  .0373  .0679  -0383 

38.363  153-45  .0815  .0455  .0844  -0474 

49-757  199-03  .0953  .0504  .0864  .0409 

61.160  244.64  .0917  .0470  .0785  .0397 

Tables  VII  and  VIIL 

Descending  Known.        Load  4  Kilograms.  (Observer  M) 

I        III       C+III         D         W  W  W  MWJ  WPi 


o 

o 

I 

2 

9 

8 

9    _ 

8  21    12 

9  24    45 
10    41      o 

Ascending  Known. 
000  2  12 
16 
36 
21 
o 
25 


I 
2 
3 
4 
5 
6 

7 


4 
46 

57 
4 


8  24 

17  2 

8  25  4 

9  31  12 
10    43  30 


10  20 

22  27 

41  23 

56  9 

66  2 

87  3 


263 
202 
142 

94 
106 

64 
48 
39 
17 
15 
I 


133 
160 

134 

156 

118 

73 

63 

30 

22 

16 

I 


mm.  sec. 
43    50 
33    40 
23    31 


mm.  sec  mm.  sec. 
10    43    40      87    30 


\l 


42 
37 
10    31 


54 
13 
42 
22 

55 


9 
8 

7 
6 
5 
4 
3 
2 
I 
o 


J 


30 
18 
II    21 
10    30 

5    15 

8 


6S    49 
42    19 


27 
28 


3 
51 
32 
14 

o 


15    46 

15    57 

4 

14 

36 

55 


8 

3 

2 
o 


C    C+III 

58.308  233.23  ,0923  .0443  -0788  .0585 

40.389  161.56  ,0800  .0422  .0745  .0393 

27474  109.90  .0778  .0399  .0688  .0355 

16.887    67.55  .0718  .0417  .0785  .0460 

17-365    6946  .0656  .0411  .0687  .0431 

13.147    52.59  -0833  -0556  .0783  .0524 

8.730    34.92  .0737  -0364  -0664  .0392 

6.861    27.44  •<763  .0569  .0648  .0493 

3.537    14.15  -0872  .0729  .0786  .0443 

3.220    12.88  .0907  .0827  .0886  .0809 

2.765    11.00  .0960  .0960  .0898  .0898 


Second  Descending  Unknown. 
22      I      10    22      o      44      I 

9    23    51 

8    17    44 


26  31 

22  12 

25  52 

19  40 

12  3 

10  27 

4  51 

3  34 

2  38 

I  50 


18  5 
II  42 
6  o 
8 
27 
42 
15 
o 


50  22 

39  56 

43  57 

31  22 

18  3 

14  35 

6  18 

4  16 

2  53 

I  50 


Load  4 

33-015  132.06 

33-347  133.39 

24-145  96.58 

26.778  107. 1 1 

25.204  100.81 

14.437  57.75 

13.157  52.63 

6.855  21.42 

5.134  20.54 

3.870  I5u|8 

2.766  11.06 


1 WP  does  not  include  the  data  of  Observer  J 
'known*  and  'unknown'  series  of  work  periods. 


Kilograms. 

.0999  .0498 

.0835  .0322 

.0725  .0404 

.0689  .0407 

.0854  .0535 

.0789  .0533 

.0840  .0602 

.0943  .0726 

.0958  .0802 

.0980  .0895 

.1005  .1005 

for  the  second 


.0896  .0449 

.0768  .0305 

.0648  .0361 

.0656  .0387 

.0799  -0502 

.0672  .0456 

.0710  .0493 

.0730  .0564 

.0879  .0738 

.0842  .0767 

.0957  -0957 
descending 
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Table  IX. 
First  Ascending  Known  Series.    Load  6  Kilograms.    (Observer  M.) 

C+III        C 


B 


III 


W 


W 


Min.  Sec 

Min.  Sec. 

Min.  Sec. 

C 

I 

5 

0 

0   0 

I   5 

1.513 

7J8S 

.1029 

9 

33 

I 

0   8 

I   41 

1.700 

10.20 

.1098 

10 

35 

2 

0   18 

I   53 

2.193 

13.16 

.1382 

10 

40 

3 

0  27 

2   7 

^'^ 

14^ 

.1428 

12 

53 

4 

0     44 

2   37 

2488 

14.93 

•^?S 

II 

54 

5 

0   SO 

2   44 

2407 

14.44 

.1268 

Table  X. 
First  Descending  Unknown  Series.  Load  6  Kilograms. 
13  2  2  5  I  o 
o  36 
27 
16 
6 
o 


10 
10 
9 

7 

I 


40 

34 

25 

4 

I 


4 
3 
2 

I 
o 


o 
o 
o 
o 
o 


3 

2 
2 

2 

16 

I 

2.760 
2.372 
1.880 

16.56 

14^3 
11.28 

.1360 
.1198 

I 
I 

I 

41 
10 

I 

2.003 

1.517 
1 410 

12.03 
8.10 
846 

.1420 
.1420 
.1386 

Table  XL 
Second  Ascending  Known  Series.    Load  6  Kilograms. 


I 

0 

49 

0 

0 

0 

0 

49 

1.474 

8.84 

.1822 

9 

I 

24 

I 

0 

8 

I 

32 

2.026 

12.16 

.1447 

9 

I 

23 

2 

0 

16 

I 

^% 

1.955 

".73 

'Hli 

13 

2 

2 

3 

0 

3^ 

2 

3g 

1.76s 

10.59 

.0868 

15 

2 

22 

4 

0 

56 

3 

18 

3.32s 

19.95 

.1404 

13 

2 

3 

5 

I 

0 

3 

3 

2,116 

12.70 

.1003 

Table  XII. 
Second  Descending  Known  Series.    Load  6  Kilograms. 


14 

2 

14 

5 

I 

5 

3 

19 

3.200 

I9J20 

1433 

14 

2 

II 

4 

0 

52 

3 

3 

3.025 

18.15 

1384 

12 

I 

53 

3 

0 

33 

2 

26 

2.712 

16.27 

1602 

8 

I 

20 

2 

0 

14 

I 

34 

2.136 

12.82 

9 

I 

22 

I 

0 

8 

I 

30 

2.127 

12.76 

1556 

I 

I 

6 

0 

0 

0 

I 

0 

1.735 

1041 

1578 
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Table  XIII. 

B 

c 

I 

III 
Min.  Sec. 

C+III 
Min.  Sec, 

D 

W 

W 

w 

Min.  Sec. 

C+III 

First  Ascending  Known. 

Load 

4  Kilograms. 

(Observer  W.) 

I 

I 

32 

0 

0 

0 

I 

32 

1.53 

6.12 

0665 

.0665 

9 

I 

35 

I 

0 

8 

I 

43 

1.98 

7.92 

0833 

.0768 

II 

I 

40 

2 

0 

20 

2 

0 

241 

9.64 

^ 

.0800 

10 

I 

35 

3 

0 

27 

2 

2 

2,03 

8.12 

.0665 

15 

2 

34 

4 

0 

56 

3 

30 

3.45 

13.80 

0896 

.0657 

14 

2 

28 

5 

I 

5 

3 

33 

3.12 

12.48 

0843 

.0585 

21 

3 

37 

6 

2 

- 

5 

37 

5.29 

21.16 

^g 

.0627 

29 

4 

52 

7 

3 

16 

68 

6.21 

24.8^ 

.0501 

36 

4 

I 

8 

4 

40 

8 

41 

9.01 

36.04 

1495 

.0691 

30 

5 

9 

9 

4 

21 

9 

30 

6.90 

27.60 

0893 

.0484' 

43 

7 

15 

10 

7 

0 

14 

15 

10.82 

43.28 

0994 

.0505 

First  Ascending  Unknown. 

Load  4  Kilograms. 

I 

I 

53 

0 

- 

- 

I 

53 

1.42 

5.68   , 

0502 

.0502 

ID 

I 

40 

I 

- 

9 

I 

49 

2.21 

884   . 

0884 

.0811- 

8 

I 

22 

2 

- 

14 

I 

36 

Si 

8.12 

0990 

.0845- 

15 

2 

^ 

3 

- 

42 

3 

20 

11.06 

0700 

.0553- 

12 

2 

8 

4 

— 

44 

2 

52 

2.15 

8.60   . 

0671 

.0500- 

18 

3 

4 

5 

I 

35 

4 

39 

2.97 

11.88 

0645 

.0425- 

23 

3 

58 

6 

2 

12 

6 

10 

4.21 

16.84   . 

0707 

.0455- 

39 

6 

32 

7 

4 

26 

ID 

58 

2.83 

31.36   , 

0800 

.0476 

40 

6 

45 

8 

5 

12 

II 

57 

5.42 

21.68 

0535 

.0302 

54 

9 

3 

9 

7 

51 

17 

— 

6.92 

27.68   . 

0509 

.0272 

63 

10 

39 

10 

10 

20 

20 

50 

8.24 

32.96 

0515 

.0263 

Table  XIV. 

B 

C 

I 

III 
Min.  Sec. 

.  c+iii 

Min.  Sec. 

D 

W 

w 
c 

w 

Min.  Sec. 

C4-III 

First  Ascending  Known, 

Load 

4  Kilograms 

.  (Observer  J.) 

I 

I 

48 

0 

0 

0 

I 

48 

1.49 

5.96   . 

0552 

.0551 

12 

I 

54 

I 

0 

II 

2 

5 

2.42 

9.68   . 

0848 

.0774 

ID 

I 

^l 

2 

0 

18 

I 

59 

1.98 

7.92 

0792 

.0665 

^2 

2 

18 

3 

0 

36 

2 

54 

3.18 

12.72 

0922 

.0731 

18 

3 

9 

4 

I 

8 

4 

17 

3.26 

13.04   . 

0691 

.0509 

22 

3 

47 

5 

I 

45 

5 

32 

5.08 

20.32 

0851 

.0612 

20 

3 

^i 

6 

I 

55 

1 

20 

3-35 

13.40 

0654 

.0418 

29 

4 

58 

7 

3 

16 

6 

5.61 

2244 

^ 

.0461 

28 

4 

43 

8 

3 

36 

8 

16 

6.24 

24.9^ 

.0503 

44 

7 

27 

9 

6 

27 

13 

47 

9.54 

38.17   . 

0854 

.0461 

54 

9 

9 

10 

8 

50 

17 

59 

10.58 

42.32 

0771 

.0390 

First  Ascend 

ling 

Unknown. 

Load  4  Kilograms. 

I 

I 

30 

0 

0 

0 

I 

30 

1.50 

6.00 

0606 

.0666 

II 

I 

52 

I 

0 

10 

2 

2 

2.15 

8.60 

0769 

.0704 

15 

2 

36 

2 

0 

28 

3 

4 

3.02 

12.09 

.0657 

21 

3 

31 

3 

I 

0 

4 

31 

3.61 

M.45   . 

0685 

.0570 

15 

2 

32 

4 

56 

3 

28 

3.36 

13-44 

0634 

.0646 

28 

4 

49 

5 

2 

15 

7 

4 

5.73 

22.94 

0794 

.0541 

47 

7 

56 

6 

4 

36 

12 

26 

7.28 

29.13 

0612 

.0390 

42 

7 

4 

7 

4 

47 

II 

51 

6.13 

24.54 

0553 

.0345 

U 

9 

7 

8 

7 

4 

16 

II 

9.90 

39.60 

.0407 

II 

28 

9 

10 

3 

21 

31 

11.97 

47.88 

0696 

.0370 

70 

II 

42 

10 

II 

30 

23 

12 

13.68 

54.75 

0780 

.0393 
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Table  XV. 

B 

C 

I 

III 
Min.  Sec. 

C+III 
Min.  Sec 

D 

W 

w 

c 

w 

Min.  Sec. 

C-flll 

First  Descending  Known. 

Load  4  Kilograms  (Observer  W). 

93 

15 

36 

10 

15 

20 

30 

56 

17.17 

68.70 

.0734 

.0370 

79 

13 

15 

9 

II 

42 

24 

57 

15.14 

60.58 

.0762 

.0405 

90 

15 

9 

8 

II 

52 

27 

I 

15.29 

61.17 

.0673 

.0377 

65 

10 

56 

7 

7 

28 

18 

24 

13.20 

52.78 

.0791 

.0478 

60 

10 

8 

6 

5 

54 

16 

2 

14.53 

58.12 

.0956 

.0605 

75 

12 

3;» 

5 

6 

10 

18 

43 

13.40 

S3.6o 

.Q7I0 

.0477 

SO 

8 

2^) 

4 

3 

16 

II 

44 

9.80 

39.22 

.0772 

.0557 

38 

6 

25 

3 

I 

51 

8 

16 

9.58 

38.31 

.0995 

.0772 

15 

2 

37 

2 

0 

28 

3 

5 

4.00 

i6joi 

.1030 

.0865 

8 

I 

23 

I 

0 

7 

I 

30 

1.77 

7.06 

•^^ 

.0784 

I 

I 

20 

0 

0 

0 

I 

20 

1.73 

6.90 

.0863 

.0862 

First  Descending  Unknown.  Load  4 

Kilograms. 

85 

14 

10 

10 

14 

0 

28 

10 

18.08 

72.34 

.0851 

.0360 

SO 

8 

27 

9 

7 

21 

15 

48 

9.51 

^3 

.0750 

.0401 

ii 

8 

56 

8 

6 

56 

IS 

52 

9.70 

38.81 

X)724 

.0407 

14 

29 

7 

9 

55 

H 

24 

13.58 

54.31 

.0625 

.0371 

70 

II 

42 

6 

6 

54 

18 

36 

10.39 

41.56 

.0592 

.0372 

45 

7 

35 

5 

3 

40 

II 

15 

7.99 

31.94 

J0702 

.0473 

IS 

2 

36 

4 

0 

56 

3 

32 

2.94 

11.75 

.0753 

.0554 

22 

3 

41 

3 

I 

^l 

4 

44 

4.54 

18.14 

.0821 

.0639 

ID 

I 

46 

2 

0 

2 

4 

2.09 

8.35 

.0788 

.0673 
.0748 

12 

2 

4 

I 

0 

II 

2 

IS 

2.53 

10.11 

.0815 

I 

58 

0 

0 

0 

0 

58 

1.05 

4.18 

.0721 

.0720 

Table  XVI 

B 

C 

I 

III 
Min.  Sec. 

C+III 
Min.  Sec. 

D 

W 

W 

c" 

W 

Min.  Sec. 

C+III 

First  Descending 

Known. 

Load  4  Kilograms  (Observer  J). 

no 

18 

29 

10 

18 

10 

36 

39 

25.37 

10147 

.0915 
.0852 

.0461 

83 

13 

55 

9 

12 

18 

26 

13 

18.29 

Z¥^ 

.0465 

95 

15 

56 

8 

12 

32 

28 

28 

17.23 

68.93 

.0721 

.0403 
.0438 

62 

10 

23 

7 

7 

7 

17 

30 

11.46 

45.85 
48.00 

.0736 

70 

II 

48 

6 

6 

54 

18 

42 

12.00 

.0678 

.0427 

32 

5 

22 

5 

2 

35 

7 

57 

3.94 

15.75 

.0489 

.0314 

25 

4 

17 

4 

I 

36 

5 

53 

2.65 

10.61 

.0413 

x)300 

24 

4 

9 

3 

I 

5 

18 

4.37 

17.50 

.0703 

.0550 

10 

I 

42 

2 

18 

2 

00 

2.02 

8.08 

.0792 

.0673 

6 

I 

3 

I 

5 

I 

8 

1.00 

3.98 

.0632 

.0585 

I 

I 

20 

0 

I 

20 

i.n 

444 

.0555 

.0555 

First  Descending  Unknown 

I.  Load  4 

Kilograms. 

98 

16 

28 

10 

16 

20 

32 

48 

16.60 

6640 

.0674 

.0332 

"5 

19 

12 

9 

17 

6 

36 

18 

24.91 

99.6s 

.0865 

.0411 

100 

16 

41 

8 

13 

20 

30 

I 

'5-^ 

54.65 

.0546 

.0303 

43 

7 

17 

7 

4 

44 

10 

I 

648 

25.91 

.0593 

.0359 

55 

9 

16 

6 

5 

24 

14 

40 

sa 

33.75 

.0607 

.0383 

22 

3 

43 

5 

I 

45 

5 

28 

10.66 

.0476 

.0324 

18 

3 

4 

4 

I 

8 

4 

12 

1.74 

6.97 

.0384 

.0276 

21 

3 

37 

3 

I 

00 

4 

37 

2.95 

11.78 

.0543 

.0425 

8 

I 

25 

2 

14 

I 

39 

147 

5.87 

.0690 

.0592 

12 

2 

8 

I 

II 

2 

19 

1.87 

748 

.0584 

x)538 

I 

I 

52 

0 

I 

52 

1.53 

6.10 

.0545 

0.508 
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Table  XVII 

B 

C 

I 

III 
Min.  Sec. 

C+III 
Min.  Sec. 

D 

W 

W 
C 

W 

Min.  Sec. 

C+III 

Second  Ascending  Known. 

Load  4  Kilograms.  (Observer 

W). 

I 

I 

58 

0 

0 

0 

I 

S8 

2.42 

9.71 

.0823 

.0822 

i8 

3 

3 

I 

0 

17 

3 

20 

4.16 

16.6s 

.0910 

.0832 

12 

2 

7 

2 

0 

22 

2 

29 

2.33 

9.33 

.0735 

.0632 

25 

4 

IS 

3 

I 

12 

S 

^ 

6.07 

24.28 

.09S2 

.0742 

24 

4 

4 

4 

I 

32 

5 

36 

4.23 

16.93 

.0694 

.0509 

39 

6 

38 

5 

3 

10 

9 

48 

6.99 

^^ 

.0613 

.0415 

75 

12 

31 

6 

7 

24 

19 

55 

12,22 

48.89 

.0651 

.0409 

54 

9 

S 

7 

6 

II 

IS 

16 

10.20 

40.78 

J0fJS2 

.0445 

90 

IS 

4 

8 

11 

52 

26 

S6 

19.60 

78.38 

.0856 

.0485 

120 

20 

7 

9 

17 

51 

F 

S8 

25.42 

101.67 

.0841 

.0446 

193 

32 

13 

10 

32 

00 

64 

13 

36.19 

144.78 

.0749 

.0375 

Second  Ascending  Unknown.  Load 

4  Kilograms. 

I 

2 

5 

0 

0 

0 

2 

5 

2.64 

10.65 

.0852 
.0785 

.0852 

20 

3 

23 

I 

0 

19 

3 

42 

3.98 

15.94 

.0718 

10 

I 

48 

2 

0 

18 

2 

6 

1.94 

7.78 

.0720 

.0633 
.0581 

i8 

3 

20 

3 

0 

51 

4 

II 

3.71 

14^3 

.0815 

J^ 

6 

25 

4 

2 

28 

8 

53 

7.13 

28.53 

.0741 

.0535 

63 

10 

37 

5 

5 

10 

15 

47 

9.06 

36.25 

.0569 

.0380 

P 

9 

SI 

6 

5 

4! 

IS 

39 

12.06 

48.23 
63.33 

JOS16 

.0513 

§5 

14 

17 

7 

9 

48 

24 

5 

15.83 

.0739 

.0437 

8i 

13 

31 

8 

10 

40 

24 

II 

17.60 

.0868 

.0492 

i6o 

26 

49 

9 

^2 

SO 

50 

39 

32.66 

130.6s 

.0812 

.0429 

174 

29 

4 

10 

28 

SO 

57 

54 

33^1 

133^ 

.0764 

.0383 

Table  XVIII 

B 

C 

I 

III 

Min.  Sec. 

C+III 
Min.  Sec 

D 

w 

W 

c 

W 

Min.  Sec. 

C+III 

Second  Ascending  Known. 

Load  4  ] 

Kilograms  (Observer  J). 

I 

I 

42 

0 

I 

42 

1.92 

7.69 

.0754 

.0753 

IS 

2 

35 

I 

^i 

2 

49 

3.22 

12.86 

.0760 

2$ 

4 

16 

2 

48 

5 

4 

5.38 

21.50 

.0840 

.0703 

i8 

3 

7 

3 

SI 

3 

58 

2.44 

9.74 

S>S2l 

.0409 

65 

10 

59 

4 

3 

16 

14 

15 

8.27 

33.08 

.0502 

.0378 

1^ 

5 

I 

2 

25 

7 

26 

4.22 

16.89 

.0563 

69 

II 

37 

6 

4 

48 

16 

^ 

7.89 

31.57 

.0453 

.0320 

no 

18 

23 

7 

12 

33 

30 

56 

17.92 

71.69 

.0650 

.0332 
.0482 

8s 

14 

18 

8 

II 

12 

25 

30 

1847 

73.87 

JQ&61 

160 

26 

41 

9 

23 

51 

50 

32 

21.17 

84.67 

.0798 

.0278 

132 

22 

3 

10 

21 

50 

43 

53 

22.76 

91.02 

.0688 

.0345 

Second  Ascending  Unknown.  Load  4  Kilograms  (Observer  W). 

I 

I 

^ 

0 

I 

39 

1.81 

7-27 

.0734 

.0734 

10 

I 

46 

I 

9 

I 

55 

1.81 

7.24 

.0683 

.0629 

II 

I 

52 

2 

20 

2 

12 

2.80 

11.19 

.0999 

.0847 

24 

4 

9 

3 

I 

9 

5 

18 

5.61 

2246 

.0902 

.0706 

32 

S 

28 

4 

2 

4 

7 

32 

3.74 

74.96 

.0456 

.0330 

88 

^i 

42 

5 

6 

25 

21 

7 

13.69 

54.77 

.0621 

.0432 

52 

8 

44 

6 

5 

6 

13 

^0 

7.67 

30.71 

.0586 

.0369 

90 

15 

6 

7 

10 

32 

25 

38 

14.13 

56.53 

.0624 

.0367 

123 

20 

33 

8 

16 

16 

36 

49 

12.39 

49.57 

.0402 

.0224 

108 

17 

29 

9 

16 

3 

33 

32 

21.81 

87.23 

.0801 

.0433 

144 

24 

.5 

10 

23 

50 

47 

55 

21.67 

86.70 

.0600 

.0302 
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Table  XIX 

B 

C 

I 

III 
Min.  Sec. 

OhIII 
Min.  Sec 

D 

W 

W 
C 

W 

Min.  Sec. 

C+III 

Second  Descending  Known 

.  Load  4 

Kilograms  (Observer  W). 

220 

36 

41 

10 

36 

^ 

73 

II 

35.99 

14395 

.0654 

.0327 

175 

29 

IS 

9 

26 

6 

55 

21 

30.32 

I2IJ27 

.0691 

.0365 

176 

29 

26 

8 

23 

20 

52 

46 

24.64 

98.54 

.0558 

.0311 

82 

13 

42 

7 

9 

27 

23 

9 

17.51 

70.03 

.0852 

•0504 

91 

15 

15 

6 

9 

00 

24 

15 

1645 

65.79 

.0719 

.0452 

55 

9 

13 

S 

4 

30 

13 

43 

10.13 

^•§5 

.0733 

.0492 

31 

5 

19 

4 

2 

00 

7 

^8 

4.72 

18.88 

.0592 

.0430 

23 

3 

52 

3 

I 

6 

4 

58 

3.10 

12.39 

.0534 

.0418 

8 

I 

24 

2 

0 

14 

I 

38 

147 

5.89 

.0701 

.0601 

IS 

2 

31 

I 

0 

14 

2 

45 

3.27 

13.08 

.0866 

.0792 

I 

I 

51 

0 

0 

0 

I 

SI 

2.32 

9.29 

.0837 

,0836 

Second  Descending  Unknown.  Load 

4  Kilograms. 

108 

18 

8 

ID 

^Z 

50 

3S 

58 

21.59 

86.38 

.0793 

.0400 

109 

18 

13 

9 

16 

12 

34 

25 

19.18 

76.73 

.0702 

.0289 

93 

IS 

37 

8 

12 

16 

:^ 

53 

13.35 

53.40 

.0571 

.0319 

lOI 

16 

56 

7 

.  II 

40 

2S 

36 

15.82 

63.30 

.0623 

.0368 

89 

14 

59 

6 

8 

48 

23 

47 

^t'l"^ 

66.98 

.0745 

.0469 

62 

10 

21 

5 

5 

15 

26 

8.61 

3447 

.0555 

.0379 

48 

8 

9 

4 

3 

8 

12 

17 

7.10 

2841 

.0581 

.0385 

21 

3 

32 

3 

I 

00 

4 

32 

2.74 

10.96 

.0517 

.0402 

18 

3 

5 

2 

0 

34 

3 

39 

3.70 

14-80 

.0800 

.0675 

9 

I 

34 

I 

0 

8 

I 

42 

1.65. 

6.62 

.0704 

.0640 

I 

I 

42 

0 

0 

0 

I 

42 

2.32 

9.28 

.0910 

.0909 

Of  the  two  values  the  absolute  is  less  significant,  for  it  is 
highly  improbable  that  the  time  rate  for  the  work  periods  of  the 
known  corresponds  to  that  of  the  unknown.  There  is  no  tech- 
nique, controlling  the  various  incentives  to  effort,  operative  for 
any  series.  Moreover,  there  is  no  absolute  assurance  that  the  in- 
struction to  make  each  ergographic  lift  represent  maximal  effort 
actually  prevailed.  A  slower  time  rate  of  work  may  offer  oppor- 
tunity for  partial  recovery  from  fatigue  and  this  would  be 
equivalent  to  an  increased  period  of  rest  The  absolute  values 
are  important  here,  therefore,  in  so  far  as  they  support  the  unit 
values. 

A  further  comparison  of  the  values  of  the  known  with  the  tm- 
known  series  yields  the  following  results : 

1.  The  final  average  of  the  absolute  efficiency  values  of  all  the 
known  series  of  the  first  and  second  sets  of  experiments  exceeds 
that  of  the  unknown  by  .2  percent. 

2.  The  final  average  of  the  unit  efficiency  values  of  al|  the 
known  series,  excepting  the  third  set  of  experiments,  excels  that 
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of  the  unknown  by  7  percent.    In  the  known  work  periods  the 
observer  worked  at  a  higher  rate  of  speed. 

In  comparing  the  data  of  the  third  set  of  experiments  of  ob- 
server M  (Table  XXII)  with  the  first  and  second  sets  we  find 
the  following: 

(a)  The  average  absolute  efficiency  value  of  all  the  known 
series  exceeds  that  of  the  unknown  by  10  percent. 

(b)  The  average  absolute  efficiency  value  of  the  known  series 
of  the  first  and  second  sets  of  experiments  exceeds  that  of  the 
corresponding  unknown  by  10  per  cent. 

(c)  The  average  absolute  efficiency  value  of  the  known  series 
of  the  third  set  of  experiments  exceeds  that  of  the  corresponding 
unknown  by  10  per  cent.  (The  ergograph  load  in  this  set  is 
6  kilograms.) 

(d)  The  average  unit  value  of  the  known  series  of  all  sets  of 
experiments  shows  a  higher  rate  of  work  by  18  per  cent  over 
the  corresponding  value  of  the  unknown  series. 

(e)  The  average  imit  value  of  the  known  series  of  the  first 
and  second  sets  of  experiments  shows  a  higher  rate  of  work 
(speed)  by  5  per  cent  over  its  corresponding  value  of  the  un- 
known series. 

(f)  The  average  unit  value  of  the  known  series  of  the  third 
set  of  experiments  shows  a  Higher  rate  of  work  by  35  per  cent 
over  the  corresponding  value  of  the  unknown  series. 

A  comparison  of  "a"  and  "b"  indicates  that  the  average  abso- 
lute efficiency  value  is  independent  of  the  ergographic  load.  The 
known  series  is  10  per  cent  more  efficient  whether  the  load  is  four 
or  six  kilograms. 

Reference  to  "e"  and  "f "  shows  that  the  average  rate  of  work 
is  dependent  upon  the  load.  Here  we  find  that  the  average  imit 
value  of  the  known  series  exceeds  that  of  the  unknown  by  5 
per  cent  when  the  ergographic  load  is  4  kilograms,  while  the  unit 
value  under  similar  conditions  for  the  known  series  exceeds  by 
35  per  cent  the  unknown  when  the  load  is  increased  by  2  kilo- 
grams. Within  the  limits  here  investigated  the  rate  of  work  in- 
creases directly  as  the  load  increases.    An  increase  by  one-half  of 
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.0500 

.05i8 

.0453 

.0377 

.0418 

.0404 

.0446 

.0404 

.0383 

.0474 

.0409 

.0397 

.OS24 

/M3I 

.0460 

.0355 

.0393 

^585 

.0521 

.0478 

.0445 

.0458 

.0429 

.0463 
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Table  XX 

W 
Summary  of  Tables  I  to  IX.    With  Respect  to  "W.P."  and  "M  W  J"  Unit  Values  (— ) 

C 
Known 
Work  Periods  —>oi  23456789  10 

KgM. 

WP 1st  Asc...  .0595  .0737  .0735  .0338  .0605   .0614   .0549   .0481   .0627   x]497   .0465 

Sec. 

"       "     ist  Dcsc.  .0782  .0763  .0803  .0748  .0572 

**       "     2nd    Asc.  .0816  j68oo  .0747  .0586  .0532 

"       "     2nd    Desc.  .0898  .0809  .0443  .0493  ,0392 

Average  .0795<  .0777  .o682<  .oS4i<  .0525 

Unknown 
Work  Periods 
KgM. 

WP 1st.  Asc...  .0725   .0788   .0739   ^595   .0579   .0479   .0454   .0407   .0350  J03S0     .0354 

Sec. 

"   "  1st  Desc.  .0700   .0704   .0648   .0564   .0382   .0414   .0383   .0351   .0373   .0409   .0383 

"   "  2nd  Asc.  .0817   .0704   .0731   .0641   .0473   .0414   .0446   .0410   .0404   .0459   .0448 

"  2nd  Desc  .0957   .0767   .0738   .0564   .0493   .0456   .0502   .0387   .0361   .0305   .0440 

Average  0797   .0741  J0714     .0616   .0482   .0441   .0446   .0388   .0372   .0381   .0408 

Known 
Work  Periods 
KgM. 

MWJ 1st  Asc.  .0595  .0805   .0878  .0854  .0828  .0883   .0859  .0789  .0908  jogt7     .0917 

Sec. 

"    *'  1st  Desc  .0783   .0832   .0951  jog63     .0793   .0735   .0824  .0761   .0675   .0793   .0804 

**    "  2nd  Asc  .0820  .0875   .0883^  .0750   .0726   .0663   .0625   .0679   .0844   .0864  .0785 

"    "  2nd  Desc  .0895   .0886   .0786  .0648  .0664   .0783   .0687  .0785   .0688   .0745   .0788 

Average  .0773 <  .0850   .0875   .0804   .0753   .0766   .0750   .0754  .0779   .0829   .0824 

Unknown 
Work  Periods 
KgM. 

MWJ 1st  Asc.  .0705   .0893   .0876   .0747   .0707   .0714   .0708   .0677   .0624   .0658   .0692 

Sec  I 

"        "     1st  Desc  .0713      .0768      .0759      .0723      .0662      .0612      .0608      .0627   •  .0669      .0803      .0814 

"        "     2nd  Asc  .0814      ,6/69      .0873      .0847      .0657      .0663      .0710      .0696      .0726      u)864      .0761 

"        "     2nd  Desc  .0957      .0842      .0879      .0736      .0710      .0672      .0799      .0656      X)648      x>768      .0896 

Average  0797      .0818      .0847      .0762      .0684      .0665      .0706      .0664      .0672      x)773      .0791 

Av.  Diff.  between 

Kn.  and  Unkn.  WP's  .ooo2<*.oo36>  .0032<  joo7S<  .0043>  .oo8o>  .O032>  .oo57>  .oo86>  .0048>  .oos5> 

Av.  DiflF.  between 

Kn.  &  Unkn.  MWJ's  .0024<  .0032>  .0Q28>  .0042>  .oo69>  .oioi>  .0044>  .009o>  .oiq7>  .oo56>  .0033  > 

*  Sign  >  or  <  means  that  the  known  value  is  greater  or  less  than  the  corresponding  unknown  value. 
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Table  XXI 


Summary  of  Tables  I  to  IX  and  XII  to  XIX  inc.    With  Respect  to  Absolute  Values  (W). 

Known 

Work  Periods           o          i  2 

Absolute  values      6.66  8.29  9.32 

"                 ii.iS  1545  ao.07 

"                 11.64  14.88  2045 

"                 11.00  12.88  14.15 

5.96  9.68  7.92 

444  3.98  8,08 

"                  7.69  12.86  21.50 

"                  6.12  7.92  9.64 
6.90 


7.06  16.01 

9.29    1308  5^ 

9.71     16.65  9.33 

Average   8.23    11.16  12.94 


3 

9.10 

2843 

21.52 

2744 

12.72 

17.50 

9.74 

8.12 

38.31 
12.39 
24^8 
19.05 


4 
19.51 
79.86 
29.78 
34.92 
13.04 
10.61 
33.08 
13.80 
39.22 
18.88 
16.93 
28.15 


5 
22.84 
98.00 
33.85 
52.59 
20.32 

15.75 
16.89 
1248 
53.60 

40.53 
24.40 

35.57 


6 
21.79 
48.80 
64.94 
6946 
1340 
48.00 
31.57 

21.16 

58.12 
65.79 
48.89 
44.72 


7  8 

24.57  33.93 

73.56  79.12 

92.69  15345 

67.55  109.90 

2244  24.96 

45.85  68.93 

71.69  73.87 

24.84  36.04 

52.78  61.17 

70.03  98.54 

40.78  78.38 

53.34  74.39 


9 

55.68 

66.87 

199.03 

161.56 

38.17 

73.14 

84.67 

27.60 

60.58 

131.27 

101.67 

90.20 


10 
54.77 
97.36 
244.64 
233.23 
42.32 
10447 
91.02 
43.28 
68.70 
143.95 
144.78 
115.04 


'Unknown 
Work  Periods 

Absolute  values     8.65  10.57 

10.64  17.36 
"  12.00  16.36 
"                11.06  1548 

6.00  8.60 

6.10  748 

7.27  7.24 
5.68  8.84 
4-i8  10.11 

9.28  6.62 

10.65  15.94 
Average   8.32  11.33 

Difference  be- 
tween Av.  Kn.  &    .09  .17 
Unkn.  Absolute     KgM.  KgM. 
Values  (W)  and     <  < 

S>)  greater  or 
<)  less  than  unkn. 
values 


11.63 
15.70 
13.87 
20.54 
12.09 

5.87 
11.19 

&12 

8.35 
14.80 

7.78 
11.81 


1240 
19.80 
26J04 
21.42 

1445 
11.78 
2246 
11.06 
18.14 
10.96 
14.83 
16.66 


17.53 
25.05 
23.70 
52.63 
1344 

6.97 
14.96 

8.60 
11.75 
2841 
28.53 
21.05 


22.94  17.36 

36.64  35.96 

55.34  59.24 

57.75  100.81 

22.94  29.13 

10.66  33.75 

54.77  30.71 

11.88  16.84 

31.94  41.56 

34.47  06.98 

36.25  48.23 

34.14  43.69 


26.98 
66.24 
59.52 
107.11 
24-54 
25.91 
56.53 
31.30 
54.31 
63.30 
63.33 
52.65 


39.12 
65.19 
140.39 
96.58 
39.60 
54.65 
49.57 
21.68 
3&81 
5340 
70.39 
60.85 


78.11 

64.29 

161.54 

133.39 

47.88 

99.6s 

87.23 

27.68 

38.03 

76.73 

130.65 

85.92 


70.34 
111.37 
226.34 
132.06 

6640 
86.70 
32.96 
72.34 
86.38 
133.24 
97.53 


1.13     2.39     7.10     143       .03       .69    13.54     4.28    17.51 

KgM.  KgM.  KgM.  KgM.  KgM.  KgM.  KgM.  KgM.  KgM. 
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over  .0345),  since  the  zero  work  period  of  this  series  follows 
the  tenth  period  of  the  known  series.  The  corresponding  values 
for  observers  W  and  J  are  .096  and  .045  for  the  known  and  .016 
and  .038  for  the  unknown  work  periods  respectively  (Tables 
XIII,  XVIII,  XVII;  curves  2  and  3).  The  enormous  efficiency 
of  observer  W  for  the  eighth  work  period  of  the  first  ascending 
known  series  and  the  low  efficiency  for  the  corresponding  period 
of  the  unknown  series  remain  unexplained. 

The  composite  curves,  4  and  5  comprise  the  unit  values  found 
for  the  three  observers.  Curve  4  shows  the  relation  of  the  unit 
values  of  the  known  and  unknown  work  periods  of  all  the  series 
for  all  observers.  That  part  of  the  curve  which  shows  the  rela- 
tion of  the  imit  efficiency  values  of  the  known  and  unknown 
work  periods  for  the  first  set  of  experiments  clearly  indicates  that 
"knowledge  of  results"  is  a  favorable  condition  for  work,  for 
in  this  set,  only  four  unknown  work  periods  of  the  total  number 
of  periods  (22  known  and  22  unknown)  exceed  in  efficiency  their 
corresponding  known  periods. 

The  gradual  appearance  of  the  determining  presence  of  imagery 
as  a  favorable  condition  in  efficiency  is  evidenced  by  the  fact  that 
in  the  second  set  of  experiments  ten  unknown  work  periods  ex- 
ceed in  efficiency  the  known,  while  in  the  first  set,  as  already 
stated,  the  unknown  excelled  the  efficiency  of  the  known  work 
periods  in  four  of  the  total  periods  of  the  set.  Two  and  one- 
half  times  as  many  unknown  work  periods  excel  the  known  in 
the  second  set  of  experiments  as  in  the  first  set.  In  two  of  the 
periods  of  this  set  the  efficiency  values  of  the  known  and  un- 
known work  periods  are  equal.  These  results  when  considered 
in  conjunction  with  certain  introspections  given  below,  indicate 
that  representative  conscious  factors  in  the  unknown  work  peri- 
ods of  the  second  set  of  experiments  possess  the  same  raison 
d'etre  as  the  immediate  conscious  content  present  in  the  known 
periods  of  the  same  set. 

In  Curve  5,  the  seconds  of  rest  are  included  in  the  efficiency 
values  per  imit  of  time.  The  character  of  the  curve  remains  es- 
sentially the  same  as  in  Curve  4 — practically  unmodified  by  the 
inclusion  of  the  rest  seconds. 
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the  original  load  is  followed  by  a  corresponding  increase  in  the 
rate  of  work  seven  times  that  of  the  original  rate.  That  is,  the 
loads  are  to  each  other  as  2 :3  while  the  corresponding  rates  of 
work  are  as  1 17. 

Consideration  of  Curves 

The  six  curves  set  forth  the  relationship  of  the  unit  values  of 
the  known  work  periods  to  the  corresponding  values  of  the  un- 
known periods. 

Curves  i,  2,  and  3  show  the  relative  individual  unit  efficiencies 
of  each  observer.  Each  of  these  curves  is  really  made  up  of 
eight  curves  corresponding  to  the  unit  values  of  four  known  and 
four  unknown  series  of  work  periods,  excepting  curve  3  which 
is  made  up  of  the  efficiency  unit  values  of  three  known  and  three 
unknown  series.  These  curves  show  general  agreement  in  that 
in  the  first  set  of  experiments  when  the  observer  is  aware  of  his 
progress  he  is  strikingly  more  efficient  than  when  he  is  ignorant 
of  his  progress.  They  also  show  that  this  difference  is  gradually 
overcome  so  that  in  the  second  set  the  advantage  of  the  known 
series  is  not  so  apparent. 

The  general  superiority  of  the  efficiency  values  of  the  known 
work  periods  over  that  of  the  unknown  is  unequivocal  for  the 
various  series  of  the  first  set  of  experiments.  This  is  not  true 
of  the  first  two  series  of  the  second  set  of  experiments  as  the 
three  individual  curves  clearly  show;  it  is  still  less  true  of  the 
last  two  series  of  the  second  set.  This  interesting  phenomenon 
is  concomitant  with  the  appearance  of  imagery  which  seemingly 
parallels  in  function  certain  features  of  the  mental  complex 
operative  for  the  known  work  periods.  A  more  complete  dis- 
cussion follows  below. 

The  maximum  advantage  of  a  known  work  period  over  that 
of  an  unknown,  in  the  case  of  observer  M,  is  .0345  kilogram- 
meter  seconds  of  work  (Tables  III  and  IV — ^4th  work  period,  4 
seconds  of  rest)  ;  the  maximum  advantage  of  an  unknown  work 
period  over  that  of  a  known  is  .0439  kilogrammeter  seconds 
of  work  (Tables  I  and  II).  Obviously  practice  effects  account 
for  the  superiority  of  the  latter  difference  over  the  former  (.0439 
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Curve  6  shows  the  average  efficiency  values  per  unit  of  time 
for  all  known  work  periods  of  all  observers  as  compared  to  the 
corresponding  unknown  periods.  Of  curve  6,  A  shows  the  actual 
amotmt  of  work  performed  per  second,  i.e.  at  what  rate  the  load 
was  lifted.  Part  B  of  the  curve  shows  the  rate  of  work  when 
the  rest  seconds  are  included.    In  one  period  (zero)  only  does 

k  the  actual  rate  of  work  of  the  unknown  period  exceed  that  of 

the  known.  From  A  it  appears  that  short  rest  periods  of  be- 
tween one  and  three  seconds  are  the  most  favorable  and  that 

•  medium  rest  periods  of  between  four  and  eight  seconds  are  the 

,  least  favorable  for  maximiun  efficiency. 

The  Appearance  of  Imagery 

"  The  relation  of  the  unit  values  of  the  known  and  imknown  sec- 

ond ascending  series  of  the  second  set  of  experiments  is  espe- 
cially interesting  in  that  the  phenomenon  of  overlapping  of  the 
curves  is  concomitant  with  the  appearance  of  imagery.  From  the 
introspections  it  appears  that  the  condition  of  "ignorance  of 
'  results"  prevailed  more  completely  in  the  first  set  of  experiments 

than  in  the  second  set 

The  approach  of  the  values  of  the  work  periods  of  the  un- 
known series  of  the  second  set  of  experiments  to  the  values  of 
j  the  work  periods  of  the  corresponding  known  series  is  concomi- 

I  tant  with  the  appearance  of  visual  and  kinaesthetic  imagery. 

:  This  imagery  is  reproductive  of  the  perceptual  experiences  of 

I  the  known  period  of  the  preceding  series.  ^ 

In  the  third  work  period  of  the  second  set  of  experiments, 
(Curve  i),  the  following  introspection  is  recorded:  "The  task 
of  this  period  proceeded  with  a  fair  degree  of  definiteness,  with 

^  a  comfortable  degree  of  orientation  hardly  comparable  to  any  of 

the  preceding  imknown  periods.  Certain  individual  lifts  I  pictured 
vividly;  in  certain  other  cases  I  compared  successive  lifts.  The 
comparisons  were  especially  pronounced  when  the  first  evidence 
of  fatigue  appeared."  In  the  sixth  period  of  the  same  series  the 
observer  remarked :  "I  seemed  to  sense  the  efficiency  of  the  en- 
tire period  in  perspective  more  or  less  tangibly." 
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Imagery  is  also  involved  in  the  more  or  less  abrupt  dose  of 
the  unknown  period  as  contrasted  with  the  gradual  tapering  off 
close  of  the  known  periods.  On  this  point  one  of  the  observers 
remarks  as  follows :  "In  closing  an  unknown  period  I  seem  to 
let  down  suddenly  in  spite  of  all  efforts  to  avoid  it  Short  lifts 
have  little  meaning  in  that  I  fail  to  image  the  pen  marks  which 
appear  to  support  me  in  the  long  lifts." 

In  all  these  cases  evidently  the  presence  of  imagery  of  the  sort 
here  described  indicates  that  an  effective  condition  for  work 
prevailed.  The  presence  of  imagery  was  first  detected  in  the 
first  work  period  of  the  second  unknown  ascending  series  of  the 
second  set  of  experiments.  It  is  interesting,  as  already  noted, 
that  the  overlapping  of  the  curves  of  this  set  of  experiments  is 
concomitant  with  the  presence  of  imagery.  As  the  imagery  con- 
tent of  consciousness  peculiar  to  the  work  periods  of  the  un- 
known series  approximates  that  of  the  perceptual  content  char- 
acteristic of  the  work  periods  of  the  known  series,  the  differences 
in  the  awareness  of  results  diminish.  It  is  probable  that  the 
more  essential  features  of  the  perceptual  experiences  acquired  in 
the  first  set  of  experiments  function  in  imagination  in  the  work 
periods  of  the  unknown  series  of  the  second  set  of  experiments. 
If  the  mental  complex  present  in  the  second  set  of  experiments 
forms  a  close  resemblance  to  that  complex  present  in  the  first 
set,  and,  if  the  efficiency  differences  of  the  known  and  unknown 
work  periods  are  primarily  due  to  conditions  indicated  by  the 
degree  of  "knowledge  of  results,"  then  we  have  a  clue  for  the 
crossing  back  and  forth  of  those  parts  of  the  curves  representing 
the  unit  values  of  the  work  periods  of  the  second  set  of  experi- 
ments (Curves  i,  2,  3,  4,  5). 

The  question  may  well  arise  as  to  why  the  values  of  the  work 
periods  of  the  known  series  do  not  approach  those  of  the  corre- 
sponding unknown  series.  Such  an  approximation  would  clearly 
be  contrary  to  the  law  of  habit.  In  general  the  normal  work  re- 
sponse is  essentially  perceptual  in  character;  the  particular  ergo- 
graphic  work  period  in  which  the  observer  is  aware  of  the  de- 
tails of  his  progress  conforms  to  the  normal  procedure.  The 
unknown  work  periods  deviate  from  the  normal  procedure  and 
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are  therefore,  less  effective.  The  normal  procedure  involves  a 
high  degree  of  adaptation  and,  therefore,  insists,  as  it  were,  that 
all  allied  deviates  shall  conform  to  its  general  mode  of  opera- 
tion. This  may  explain  why  the  values  of  the  unknown  work 
periods  of  the  second  set  of  experiments  approximate  those  of  the 
corresponding  known  values.  The  effects  of  the  fully  perceptual 
(known)  procedure  tends  to  drain  the  relatively  non-perceptual 
(unknown)  just  in  proportion  to  the  extent  to  which  the  former 
have  become  habituated.  Moreover,  the  perceptual  response  is 
normally  more  compelling  and  effective  because  more  direct. 

In  the  above  event  it  appears  that  the  presence  of  imagery  is 
a  mere  indication  that  the  non-perceptual  has  taken  on  the  char- 
acter of  the  perceptual  procedure  and  this  because  the  latter  is  the 
dominating  mode  of  behavior. 

From  the  general  character  of  these  curves  and  the  introspec- 
tive statements  it  appears  that  work  carried  on  under  conditions 
of  partial  awareness  of  results  loses  in  efficiency  and  that  such 
conditions  are  difficult,  if  not  impossible,  to  maintain  when  fol- 
lowed or  preceded  by  work  of  identical  character  imder  condi- 
tions of  complete  awareness.  Without  set  purpose  the  observers 
experience  certain  mental  complexes  during  work  under  the  for- 
mer conditions,  which  parallel  certain  essential  features  of  the 
mental  complexes  present  during  work  under  the  latter  condi- 
tions. 

Ergographic  Records 

A  total  of  two  hundred  sixty-six  records  were  taken  of  which 
nine  typical  ones  are  here  reproduced.  Five  of  these,  (II,  III, 
V,  VIII,  IX)  record  the  efficiency  of  the  observer  when  work- 
ing under  conditions  of  complete  awareness  of  his  accomplish- 
ment; the  remaining  four,  (I,  IV,  VI,  VII),  likewise  record 
efficiency  but  under  conditions  of  relatively  complete  ignorance 
of  results. 

Seven  of  the  nine  records  are  given  complete;  Records  VIII 
and  IX  have  164  and  230  subdivisions  cut  off  respectively.  The 
cut  off  subdivisions  could  serve  no  purpose  here  which  is  not 
already  attained  by  the  tabulated  data.    The  reproduced  parts  of 
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records  VIII  and  IX,  reveal  what  is  important  for  our  purpose 
here,  viz.,  the  characteristic  dose  of  work  periods  of  extremely 
long  duration.  For  the  former  record  (See  Table  VII)  the  ob- 
server was  in  the  machine  i  hour,  3  minutes  and  49  seconds; 
for  the  latter,  i  hour,  27  minutes  and  30  seconds. 

(a)     The  Phenomenon  of  'Sudden  Recoveries^ 

An  examination  of  these  records,  particularly  records  VIII 
and  IX,  shows  the  very  interesting  and  curious  phenomenon  of 
sudden  and  unexpected  recoveries.  In  the  subdivisions  repre- 
senting sudden  recoveries  the  lifts  were  nearly  as  high  as  the 
lifts  which  were  made  in  the  earliest  subdivision  of  the  period. 
Reference  to  record  VIII  shows  that  three  such  recoveries  are 
especially  prominent:  (i)  A,  including  subdivisions  180  and 
181;  (2)  B,  subdivisions  186  to  192  inclusive;  and  (3)  C,  sub- 
division 196.  The  same  phenomenon  is  probably  found  in  record 
I  at  lifts  marked  "a"  and  ''b";  in  record  II  at  "x"  and  "y."  It 
is  not  improbable  that  a  definite  ratio  exists  between  the  fre- 
quency and  extent  of  these  sudden  increases  in  efficiency  and  the 
duration  of  the  work  period. 

It  should  be  recalled  at  this  point  that  the  observer  was  in- 
structed before  the  beginning  of  each  work  period  and  occasion- 
ally reminded  during  the  progress  of  the  period  that  each  lift 
must  represent  maximal  effort.  It  can  not  be  maintained  there- 
fore that  the  subdivisions  following  181  and  preceding  186,  for 
example,  afforded  an  opportunity  for  rest  as  their  efficiency 
values  would  seem  to  indicate.  In  fact,  these  subdivisions  (182- 
185  inc.)  are  among  the  most  laborious  of  the  entire 
period.  The  statements  below  make  it  difficult  to  explain  the 
phenomenon  in  such  easy  fashion  as  'increase  of  attention  to  the 
work'  or  'mechanical  imperfection  in  the  apparatus.'  The  phe- 
nomenon is  found  frequently  in  periods  of  very  long  duration 
and  for  all  observers,  but  it  is  not  equally  prominent  for  all  ob- 
servers nor  in  all  the  periods  of  a  given  observer  (Record  VIII 
and  IX).  Schenk^  seems  to  have  obtained  an  aberrant  fatigue 
curve  when  the  work  period  covered  one  hour.    It  is  doubtful 

^Archiv.  f.  d.  gcs.  Physiologic,  1900. 
«Amer.  Jour,  of  Physiology,  Vol.  V,  p.  248. 
8  Amer.  Jour,  of  Psychology,  Vol.  Ill,  pp.  25,  26. 
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whether  fatigue  curves  of  short  or  long  duration  are  ideally 
as3miptotic  as  Hough^  maintains. 

The  work  of  Lombard*  has  so  direct  a  bearing  upon  the  'phe- 
nomenon of  sudden  recovery'  that  I  take  occasion  to  quote  him 
at  length.  He  lifted  a  weight  of  three  kilograms  by  the  flexor 
muscles  of  the  second  finger  of  the  left  hand  every  two  seconds 
until  exhausted.  "Each  contraction  was  the  strongest  possible"' 
and  "I  was  determined  to  fatigue  the  muscles  so  completely  that 
no  contraction  should  be  possible.  After  no  seconds  of  con- 
tinuous work,  I  could  hardly  stir  (italics  mine)  the  weight,  and 
thought  the  experiment  nearly  at  an  end.  To  my  surprise  (italics 
mine),  however,  I  began  to  recover  the  lost  power,  and  during 
the  next  half  minute  each  of  the  succeeding  contractions  was 
higher  than  the  one  which  had  preceded  it.  The  effect  of  fatigue 
then  began  to  manifest  itself  again,  and  the  contractions  became 
smaller.  I  concluded  that  I  had  made  a  mistake,  that  I  had  not 
exerted  all  my  will  power  before,  and  I  determined  for  the  rest 
of  the  experiment  to  do  my  best.  As  the  contractions  grew 
smaller  I  threw  all  my  power  and  energy  into  each  attempt  to 
raise  the  weight.  I  was  conscious  .  .  .  that  my  face  was  flush- 
ing under  the  strain ;  nevertheless,  the  contractions  became  gradu- 
ally less,  and  I  supposed  that  I  had  finally  succeeded  in  tiring  out 
the  muscles,  when,  to  my  astonishment  (italics  mine),  I  began 
to  recover  my  power  a  second  time.  The  contractions  became 
stronger,  reached  a  maximum  and  fell,  only  again  to  recover.  In 
short,  for  some  inexplicable  reason  ...  the  ability  to  volun- 
tarily contract  the  muscles  with  sufficient  strength  to  raise  the 
weight,  decreased  and  recovered  five  times."  These  statements 
are  interesting  and  take  on  added  significance  when  compared 
with  the  statements  of  observer  M  given  below. 

Lombard^®  believes  the  phenomenon  constant  and  normal  and 
that  it  appears  "after  considerable  work  has  been  performed." 

With  regard  to  these  sudden  and  unexpected  recoveries  Ob- 
server M  remarks  as  follows :    "During  subdivisions  182  to  185 
inclusive  I  experienced  a  sharp  pain  unlike  anything  previously 
experienced.    It  disappeared  quite  suddenly  at  the  beginning  of 
i<>  Ibid,  p.  30. 
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1 86th  subdivision.  For  the  next  six  subdivisions  my  experience 
was  most  unusual.  My  finger  seened  detached  and  lifting  of  its 
own  accord,  apparendy  without  any  effort  on  my  part  and  with 
an  indescribable  sense  of  e^ilaration.  I  seemed  to  be  b^^inning 
all  over  again  except  that  I  seemed  to  have  no  part  in  lifting. 
The  recovery  was  sudden,  unexpected  and  as  though  something 
had  been  cut  loose.  At  these  times  the  lifts  were  uncontrolled 
while  I  seemed  nothing  more  than  an  interested  spectator." 

The  phenomenon  here  described  is  not  confined  to  records  VIII 
and  IX  but  is  observable  in  most  of  the  long  and  many  of  the 
short  records,  as  the  introspections  show.  For  subdivision  258, 
Record  IX  the  following  introspection  is  recorded :  "I  seem  to 
begin  all  over  again  except  that  the  feeling  of  effort  incidental  to 
initial  action  is  lacking  and  I  enjoy  a  peculiar  sense  of  ease  and 
agreeableness.  Strain  and  tension  for  the  time  being  disappear 
while  the  muscular  mechanism  functions  almost  automatically. 
The  conscious  correlate  so  far  as  it  may  be  considered  "causal," 
subsides  almost  to  the  vanishing  point.  At  these  times  the  'will' 
seems  to  have  very  little  to  do  with  the  lifting.  This  is  interest- 
ing in  view  of  the  fact  that  the  periods,  especially  those  of  long 
duration,  are  extremely  disagreeable  due  to  the  condition  of  the 
experiment,  viz.,  that  each  lift  must  represent  maximal  voluntary 
effort.    The  attentive  strain  is  enormous." 

(&)     Interpretation  of  'Sudden  Recoveries^ 

There  is  no  accounting  for  this  phenomenon  on  the  ground  of 
greater  determination  or  a  stiffening  resolution,  for  each  lift,  ac- 
cording to  the  conditions  of  the  experiment,  represents  maximal 
effort.  A  plausible  explanation  may  be  found  in  the  assumption 
that  certain  efferent  neurones  are  serially  related  to  particular  w 
muscles  or  groups  of  muscles.  Within  a  group  we  may  assume 
a  serial  arrangement  of  neurones  of  constantly  diminishing  func- 
tional efficiency.  The  number  of  neurones  in  the  group,  their 
order  of  efficiency  and  their  functional  appearance  are  probably 
indicated  by  the  recovery  periods  on  the  ergographic  records.  It 
seems  that  action  over  a  given  set  of  neurones  does  not  exhaust 
the  energy  of  the  muscles  with  which  the  neurones  are  connected 
but  that  continued  innervation  by  means  of  these  neurones  is  fol- 
lowed by  increasing  impermeability  of  the  motor  end-organ.    If 
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now  the  cerebral  line  of  discharge  takes  place  over  a  diflferent  set 
^  of  neurones  the  link  between  neurone  and  motor  end-organ  again 

becomes  permeable.    Points  marked  "A,"  "B"  and  "C"  on  Rec- 
ord VIII  may  be  regarded  as  reestablished  points  of  permeability. 
Following  this- hypothesis  exhaustion  appears  when  the  junction 
>  between  the  cerebro-muscular  chain  can  not  be  maintained. 

Whether  impermeability  is  a  result  of  cerebral  or  peripheral 
fatigue  or  both  is  a  question  not  yet  finally  settled."  Lom- 
bard/* it  may  be  mentioned,  conducted  a  series  of  experiments 
which  lead  him  to  believe  that  the  sudden  recoveries  (periodic 
variations)  are  of  "central  rather  than  peripheral  origin."  With 
^  reference  to  these  experiments  he  says :    "These  and  other  simi- 

lar experiments  convinced  me  that  the  changes  producing  the 
periodicity,  do  not  occur  in  the  nerves,  the  nerve  ends,  in  the 
muscles,  and  that  they  take  place  in  the  central  nervous  system." 
Moreover,  he  believes  that  the  phenomenon  of  periodicity  is  dis- 
tinctly connected  with  voluntary  contractions  since  periodicity 
(sudden  recoveries)  fails  to  appear  when  the  muscles  are  elec-  l/ 
trically  stimulated. 

McBride"  seems  to  confirm  Lombard  in  that  central  fatigue  is 
the  important  factor  which  finally  terminates  the  work.  It  seems 
to  be  quite  generally  agreed  that  the  point  of  voluntary  ineffi- 
ciency is  only  secondarily  related  to  peripheral  fatigue. 

Weichardt**  holds  that  the  body  in  the  course  of  its  diurnal 
activity  developes  an  antitoxin  against  fatigue-products  which 
are  rendered,  at  least  partially,  ineffective.  If  such  toxins  are 
actually  present  we  may  find  a  plausible  explanation  for  the  L^ 
phenomenon  of  'sudden  recoveries'  (A,  B,  C,  Record  VIII)  in 
the  periodic  rise  in  efficiency  of  the  toxins. 

Our  fatigue  records  (I  to  IX,  or  any  fatigue  curves)  may 
then  be  regarded  as  to  some  extent  records  of  the  interaction  of 
the  two  kinds  of  toxins.    These  must  be  regarded  with  respect 

11  Storey,  T.  A.,  in  the  Amer.  Jour,  of  Physiol.,  Vol.  8,  p.  373  and  Lee 
and  Everingham  in  Am.  Jour,  of  PhysioL,  Vol.  24,  p.  384  give  the  important 
literature  concerning  the  seat  of  fatigue. 

Abelous,  J.  £.,  Contribution  a  1  Etude  de  la  Fatigue,  Arch,  de  Phys.  1893,  3. 

12  Ibid.,  pp.  30-35. 

^"Journal  of  Ncrv.  and  Mental  Diseases,  1901,  p.  628. 
^*Mun.  Med.  Wochenschrift,  1904  and  Weber  Ermudtingstoffe,  1910. 
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to  function  as  antagonistically  related.     In  these  circumstances 

the  fatigue-toxins  and  their  antitoxins  are  n^atively  and  posi-  «C 

tively  related  to  muscle  respectively.     Work  periods  249,  250,  * 

258,  259  in  Record  IX  represent  periods  of  special  effectiveness 

of  the  antitoxins.    Such  periods  are  again  indicated  by  "a"  and 

"b,"  in  Record  I;  "x"  and  "y"  in  Record  II;  "o"  in  Record  III;  / 

"m"  in  Record  IV. 

That  the  phenomenon  of  periodicity  (recoveries)  is  one  not 
exclusively  connected  with  voluntary  contraction  seems  conclu-  j 

sively  established  by  Storey^'  and  others.    Instead  of  volimtarily  | ; 

stimulating  human  muscle  he  employed  graded  increases  in  the  ,, 

strength  of  an  induction  current.  The  subdivision  intervening 
between  173  and  180;  181  and  186  and  between  192  and  196  in 
Record  VIII  may  be  regarded  as  constituting  Storey's  "inter- 
vals of  lower  contractions."  This  phenomenon  had  previously 
been  observed  by  a  number  of  German  investigators*'  in  experi- 
menting with  muscle-nerve  preparation  from  the  frog. 

SUMMARY 

I.  Within  the  limits  operative  for  the  present  study  both  the 
absolute  amoimt  of  work  and  the  rate  of  work  done  under  con- 
ditions of  "knowledge  of  results  exceed  that  done  under  conditions 
of  ignorance  of  results.  The  two  sets  of  conditions  do  not  main- 
tain the  same  degree  of  discreteness  throughout  the  entire  dura- 
tion of  the  experiment.  As  the  latter  conditions,  indicated  by 
reproductive  imagination  (see  "3"  below),  approximate  the  for- 
mer conditions,  the  relation  of  the  work  value  becomes  ambigu- 
ous.   (Curve  I,  second'set  of  experiments). 

Will  power  as  conventionally  regarded  is  inadequate  to  explain 
the  efficiency  differences.  It  is  more  likely  that  the  neuro-muscu- 
lar  chain  underlying  the  lifting  response  functions  more  efficient- 
ly when  the  afferent  channels  from  the  eye  are  open  than  when 
they  are  closed.  The  former  condition  appears  provocative  of 
greater  functional  changes  in  the  central  nervous  system  than  the 

i^Am.  Jour,  of  Physiol,  pp.  439,  440.  The  important  literature  on  the 
phenomenon  in  question  is  cited  in  this  reference  and  need  not  be  repro- 
duced here. 

i«  Ibid. 
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latter,  which  changes  operate  to  maintain  attention  and  increase 
muscular  efficiency. 

Attention  may  well  be  a  "disinterested  spectator"  and  a  mere 
sign  for  the  degree  of  central  f imctional  changes  which  become 
determinants  of  the  efficiencies  of  the  various  work  periods. 
Habituation  to  maximum  voluntary  effort  under  the  two  condi- 
tions of  the  experiment  would  probably  reduce  to  a  minimimi  the 
efficiency  difference  apparent  for  the  two  sets  of  conditions.  In 
other  words,  efficiency  differences  probably  represent  degrees  of 
the  process  of  habituation. 

2.  When  work  is  long  continued  and  to  the  point  of  exhaustion 
a  curious  phenomenon  of  sudden  recovery  appears  which  can  not 
be  entirely  identified  with  phenomena  peculiar  to  fatigue.  This 
phenomenon  is  especially  pronounced  in  work  periods  of  extended 
duration.  Such  sudden  fluctuations  in  efficiency  find  a  plausible 
explanation  in  a  functional  grouping  of  the  neurones  connected 
with  the  group  of  muscles  involved  in  lifting  the  ergographic 
load. 

3.  The  condition  of  'ignorance  of  results'  is  more  effective 
in  the  first  set  of  experiments  than  in  the  second  set.  In  the  lat- 
ter set  imaginative  elements,  in  the  unknown  series  of  experi- 
ments, parallel  the  perceptual  elements  in  the  known  series  of  the 
same  set.  The  ambiguity  of  the  efficiency  values  obtained  under 
the  two  sets  of  conditions  for  the  second  set  of  experiments  may 
be  regarded  as  an  interesting  stage  in  the  process  of  habituation. 

4.  An  increase  of  the  ergographic  load  by.  2  kilograms  de- 
creases the  variations  in  the  amount  of  work  done  in  successive 
work  periods  and,  such  increase  does  not  essentially  affect  the 
conclusions  drawn  from  the  first  and  second  sets  of  experiments. 

5.  The  optimal  rate  of  work  under  the  conditions  of  the  ex- 

KgM. 

periment  lies  between  .075  and  .085  

Sec. 

6.  The  commonly  observed  staircase  (Bowditch  "treppe")  con- 
tractions appear  irregularly  and  for  the  most  part  in  the  dosing 
subdivisions  of  a  work  period.  This  is  probably  due  to  the  fact 
that  each  lift  represents  maximal  contraction  and  that  each  lift 
is  negotiated  by  muscles  thoroughly  trained. 


Digitized  by 


Google 


Digitized  by 


Google 


Vol.  xxvni     r...^M 

N«.  4 


^Whde  N*.  126 
1920 


THE 


Psychological  Monographs 


riv^/vv  A  KiJ   L.    WAiCKJiN,   I-^NCEiX)N   U:^ 
JOHN  B.  WATSON.  Johns  Hopkin  : 
SHFI 

MADI:?ON    BENTLE'. 


(/nJrx*) 


Individual  Differences  in  Finger 
Reactions 


PSYCHOLOGICAL   REVIEW  COMPANY 
PRIN<  J 

AND    LA  ]'A 


A©»>*71 


'> 


INDIVIDUAL  DIFFERENCES  IN  FINGER  REACTIONS 

Introduction 

The  purpose  of  this  experiment  has  been  to  investigate  the  speed 
and  accuracy  of  the  reactions  of  the  fingers  of  the  two  hands  in 
response  to  visual  stimuli.  Many  suggestions  have  been  put 
forth  from  time  to  time,  offering  explanations  for  the  lack  of 
regularity  between  the  action  of  the  various  fingers  when  applied 
to  piano  playing.  These  are  for  the  most  part  mere  observations, 
or  at  best  unscientific  reports.  A  little  volume  by  Grabill^ 
and  one  by  Eckhardt^  are  two  of  the  few  studies  that  really  attack 
the  fundamentals  imderlying  control  and  adjustment  of  the  mem- 
bers used  in  piano  playing. 

Since  piano  playing  is  to  a  large  degree  dependent  on  the  proper 
control  of  speed,  energy  and  accuracy  in  finger  movement,  it 
seemed  important  to  investigate  the  relationship  between  time 
and  accuracy,  leaving  the  more  involved  factor  of  energy  to  sub- 
sequent experimentation.  Piano  teachers  have  been  content  to 
go  blindly  on,  using  the  hit-and-miss  method,  or  where  there  has 
been  developed  a  more  or  less  successful  method,  it  has  never 
been  reduced  to  such  objective  terms  that  the  teacher  may  say  to 
the  student,  "We  know  this  because  it  has  been  experimentally 
demonstrated." 

If  one  can  experimentally  show  that  some  fingers  are  inherently 
slower  and  less  accurate  in  their  responses  than  others,  then  exer- 
cises for  the  development  of  particular  fingers  may  be  devised  and 
used  to  advantage.  If  these  fingers  be  the  same  for  each  indi- 
vidual, the  process  is  simpler.  However,  if  these  fingers  be  found 
different  according  to  the  individual,  the  method  may  still  be 

1  Grabill,  E.  W.,  "The  Mechanics  of  Piano  Technique,  "  Chicago,  1909. 

2  Eckhardt,  Robt.,  "Piano  Exercises  for  the  Development  of  Side-Finger 
Action  and  the  Develoimient  of  an  Equal  and  Maximum  Spread  between  the 
Fingers,"  Columbus,  1899. 
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employed,  providing  the  individual  differences  can  be  determined 
before  the  student  begins  his  work. 

It  seems  desirous  to  investigate  not  only  the  individual  finger 
differences,  but  also  the  various  combinations  and  reactions  that 
involve  more  than  one  finger.  Briefly  stated,  the  investigations 
reported  in  this  paper  fall  under  the  following  heads: 

1.  The  relation  between  speed  and  accuracy  of  the  individual 
fingers. 

2.  The  relation  between  speed  and  accuracy  of  the  various 
finger  combinations,  both  when  responding  with  one  finger  at  a 
time  and  with  two  at  a  time, 

3.  The  relation  between  the  speed  and  accuracy  of  the  left 
and  right  hands. 

4.  The  relation  in  speed  and  accuracy  between  two-finger  and 
one-finger  responses. 

5.  The  relation  in  speed  and  accuracy  between  two-hand  and 
one-hand  reactions. 

6.  The  differences  between  individuals  on  the  basis  of  speed 
and  accuracy. 

7.  The  effect  of  practise. 

Historical 
The  history  of  the  study  of  reaction  times  dates  back  to  the 
time  when  the  astronomers  first  attempted  to  measure  the  personal 
equation  in  transit  obervations.  Sanford*  records  that  Mas- 
kelyne,  the  British  Astronomer  Royal,  first  noticed  that  his  re- 
cords differed  from  those  of  his  assistant  by  1/2  second.  The 
astronomer  reported  that  the  assistant  had  been  in  this  error  for 
some  time  before  he  noticed  it  and  that  he  did  not  seem  likely  to 
get  over  it.  He  supposed  that  the  assistant  had  fallen  into  some 
irregular  and  confused  method  of  observation  instead  of  using  the 
"excellent  (Bradley)  method."  The  assistant  was  accordingly 
discharged.  For  twenty  years  after  this  incident  no  mention  was 
made  of  individual  differences.  In  1816  von  Lineman  mentioned 
it  and  then  it  fell  under  the  eye  of  Bessel,  who  in  1822  published 

•Sanford,  E.  C,  "Personal  Equation"  Am.  Jour,  of  Psychology,  v.  2, 
pp.  1-38. 
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the  results  of  the  first  tests  that  showed  individual  differences  in 
recording  the  times  of  steller  transits. 

All  of  this  early  work  was  done  by  the  "eye  and  ear"  method. 
When  the  star  is  about  to  make  its  transit,  the  observer  reads  off 

from  his  clock,  and  then  he  watches  the  star  in  the  telescope,  and 
continues  to  count  the  second  beats.  He  fixes  firmly  in  mind, 
as  the  moving  image  approaches  the  wire,  its  place  at  the  last 
beat  before  it  crosses  the  wire  and  its  place  at  the  first  beat  after. 
From  the  distances  of  these  two  points  from  the  wire,  he  estimates 
by  eye  the  time  when  the  star  crossed  in  tenths  of  a  second.  "The 
role  of  the  mind  in  observations  by  this  method,"  says  Sanford, 
"is  the  fixing  of  the  exact  place  of  the  star  at  the  first  beat,  the 
holding  of  the  same  in  memory,  the  fixing  of  the  place  at  the 
second  beat,  the  comparison  of  the  two,  and  the  expression  of 
the  relation  in  tenths."  It  was  not  until  1850  that  the  chrono- 
graph was  first  used  to  record  the  time  at  which  a  star  crossed  the 
meridian.    This  is  the  first  recorded  example  of  reacting  with  a 

key  to  a  visual  stimulus. 

In  the  same  year  (1850)  Helmholtz  published  the  results  of 
the  first  simple  reaction  time  experiments.  This  was  the  be- 
ginning of  the  psychological  period  and  the  purpose  of  the  most 
of  these  experiments  was  to  determine  the  speed  of  nervous  con- 
duction. After  determining  the  speed  of  conduction  in  the  motor 
nerve  of  the  frog  to  be  27  meters  per  second,  Helmholtz  measured 
the  physiological  time  (in  man)  which  elapsed  between  the  stimu- 
lation by  a  weak  stimulus  and  the  execution  of  the  movement. 
He  found  the  total  time  ranged  from  125  to  200  sigmas,  the  first 
reaction  times  published.  This  was  followed  by  experiments  on 
the  part  of  many  investigators,  each  trying  to  establish  the  rate 
of  conduction  of  the  nervous  impulse.  The  results  of  most  of  the 
experiments  differed  and  Du  Bois  Reymond  in  1900  showed  that 
the  differences  found  were  all  probably  due  to  too  small  numbers 
of  subjects  and  trials  and  to  faulty  technique. 

The  first  experimental  work  done  from  a  psychological  in- 
terest was  that  done  by  Donders  and  dejaager,  published  in 
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1865.  Henmon*  classifies  the  various  phases  of  the  problem  of 
reaction  time  into  three  groups: 

1.  Time  relations  of  simple  and  complex  mental  processes  and 
their  variations  with  the  quality,  intensity  and  complexity  of 
stimuli.  (Occupying  center  of  interest  from  1865  to  about 
1888.) 

2.  The  effect  of  direction  of  attention  on  reaction  times. 
(1888-1905.) 

3.  The  introspective  analysis  of  the  reaction.  (1905-19 — .) 
The  emphasis  or  ascendency  of  the  several  phases  of  the  main 

problem  has  shifted  from  time  to  time  and  at  present  experimen- 
tation covers  all  the  aspects  of  the  problem.  It  seems  wholly 
unnecessary  in  a  study  of  this  kind,  to  give  a  detailed  biblio- 
graphy of  the  general  subject  of  reaction  time.  Such  a 
bibliography  has  been  compiled  by  recent  writers  on  the  subject.' 
Reference  will  be  made  to  such  articles  as  have  a  particular 
bearing  or  interest  in  connection  with  the  subject  at  hand. 

Donders  and  dejaager  were  among  the  first  to  show  that  the 
difficulties  in  the  study  of  reaction  time  were  due  to  the  com- 
plexity of  the  problem,  the  kind  of  stimulus,  the  mode  of  reaction, 
the  degree  of  attention,  and  many  other  factors  would  alter  the 
results.  They  also  decided  that  the  reaction  time  method  was 
impracticable  as  a  means  of  determining  the  rate  of  nervous  im- 
pulse. At  about  this  time  the  physiologists  ceased  to  be  interested 
in  the  problem,  so  that  experimental  work  on  reaction  time  came 
to  be  carried  on  largely  by  the  psychologists.  Donders  and 
de  Jaager,  followed  by  others,  adopted  the  use  of  reaction  times 
as  a  method  of  determining  or  measuring  more  complex  pro- 
cesses, notably  discrimination  and  choice. 

The  earliest  recorded  experiments  using  the  two  hands  is  that 
of  Donders.*  If  one  stimulus  appeared  the  subject  was  to  react 
with  the  left  hand,  if  the  other  appeared  the  subject  was  to  react 

*Henmon,  V.  A.  C,  "The  Psychological  Researches  of  J.  McKcen  CattcU/' 
Archiv.  of  Psych.  No.  30,  April,  1914- 
»  Wells.  G.  R..  Psych.  Rev.  Monog.  v.  15.  No.  5.  1913. 
Moore,  T.  V.,  Psych.  Rev.  Monog.  v.  6,  No.  i,  1904. 
Salow,  Paul,  Psychologische  Studien,  Bd.  7,  1912. 
•Bonders,  Arch.  f.  Anat.  u.  Physiol.  1868. 
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with  the  right  hand.  He  assumed  that  this  involved  discrimina- 
tion and  choice,  and  that  by  subtracting  from  these  results  the 
results  of  simple  reaction  times,  the  time  for  discrimination  and 
choice  would  be  established.  The  study  does  not  bear  directly  on 
the  problem  of  finger  or  hand  differences,  however.  This  prob- 
lem received  little  attention  during  the  earlier  years  of  the  ex-t 
perimental  work  on  reaction  times. 

Wundt^  in  the  first  study  that  appears  in  the  Philosophische 
Studien  emphasized  the  importance  of  studies  in  time  measure- 
ments in  psychological  research  and  from  the  beginning,  it  was 
a  subject  of  research  in  the  Leipzig  laboratory.  Nor  has  the  im- 
portance of  this  field  of  investigation  ceased  to  be  pointed  out. 
Watson*  emphasizes  the  importance  of  experimentation  on  con- 
ditioned reflexes  and  reaction  times.  His  attitude  differs  from 
that  of  Wundt,  Titchener  and  others.  Watson's  interest  leans 
strongly  towards  the  physiological.  Cattell  expresses  a  similar 
attitude  on  the  importance  of  this  field,  an  attitude  that  has 
dominated  his  work,  "these  sciences  (i.e.  physiology  and  psych- 
ology) cannot  rank  coordinate  with  the  physical  sciences  until 
they  consist  of  exact  measurements." 

Although  the  problem  of  reaction  times  has  been  considered 
important  and  has  been  the  subject  of  investigation  for  the  past 
quarter  century,  very  little  has  been  done  to  investigate  the  re- 
lation of  symmetrical  movements,  executed  either  simultaneously 
or  in  insolation.  The  problem  of  attention  occupies  most  of  the 
literature  on  reaction  time  of  this  period." 

Among  the  earlier  studies  was  that  of  CattelP*  who  produced 
a  large  number  of  reactions  from  each  of  two  subjects,  D  and  C. 
In  the  first  series  an  electrical  stimulus  was  applied  to  the  several 
parts  of  the  arm,  in  the  second  series  the  stimulus  was  touch. 

TWtindt,  W.,  "Ubcr  Psychologische  Mcthoden,"  Philosophische  Studien, 
Bd.  I. 

•Watson,  J.  B.,  "The  Place  of  the  Conditioned  Reflex  in  Psychology," 
Psych.  Rev.  v.  33,  1916. 

•Ach,  N.,  "Uber  Willenstatigkeit  und  Denken,"  Gottigen,  1905. 

Woodrow,  H.,  *The  Measurement  of  Attention,"  Psych.  Rev.  Moa  v.  I7i 
No.  5,  1914. 

10  Cattell,  J.  McKecn,  "On  Reaction  Time,"  Memoirs  Nat.  Acad.  Science, 
V.  7,  1893- 
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The  chief  purpose  of  these  experiments  was  to  measure  the  speed 
of  nervous  impulse,  but  the  experimenters  decided  that  the  re- 
sults did  not  warrant  any  conclusions  in  regard  to  specific  rate  of 
nervous  impulse,  in  fact  that  the  method  of  reaction  time  was  not 
a  valid  one  for  measuring  the  speed  of  the  nervous  impulse  at  all. 

In  a  later  work,  Cattell  and  DoUey**  further^  demonstrated  the 
fact  that  the  reaction  time  method  is  impracticable  as  a  method  of 
determining  the  rate  of  the  nervous  impulse.  In  investigating  the 
problem  as  to  whether  the  reaction  time  is  shorter  when  the 
stimulus  is  given  to  the  reacting  hand  than  when  it  is  applied  to 
the  other  hand,  they  obtained  positive  results  and  also  concluded 
that  there  is  no  difference  in  the  reaction  times  of  the  two  hands. 

At  about  the  same  time  (1893),  Sanford"  experimented  on  the 
effect  of  stimulating  the  reacting  hand  or  the  opposite  hand,  on 
the  reaction  time,  the  obtained  results  in  accord  with  those  of 
Cattell  and  Dolley.  For  electrical  stimulation  he  found  that  the 
reaction  time  was  10  sigmas  shorter  when  the  stimulus  was 
given  to  the  reacting  hand  than  when  it  was  given  to  the  opposite 
hand.  He  made  no  direct  study  of  the  difference  in  reaction 
times  between  the  two  hands,  but  a  comparison  made  on  the  basis 
of  his  tables  shows  the  relative  reaction  times  for  the  right  and 
left  hand,  for  he,  (Sanford)  performed  his  tests  with  both  the 
right  and  left  hands  as  the  reacting  hands.  When  the  stimulus 
was  applied  to  the  reacting  hand  for : 

Subject  S,  R.H.  is  faster  than  L.H. 
B,  R.H."  slower  "  L.H., 
R,    R.H."  slower   "    L.H.' 

When  the  stimulus  is  applied  to  the  opposite  hand  from  the  one 
that  reacts,  the  following  is  true : 

Subject  S,  R.  H.  is  slower  than  L.  H. 

B,  R.  H.  "  faster    "    L.  H. 

R,  R.  H.  "  slower   "    L.  H. 

iK^attcll,  J.  McK.,  and  Dolley,  S.  C,  "On  Reaction  Times  and  the  Velocity 
of  the  Nervous  Impulse,"  Psych.  Rev.,  v.  I,  No.  2,  1894. 

"  Sanford,  E.  C,  "On  Reaction-times  wfien  the  stimulus  is  applied  to  the 
Reacting  Hand,"  Am.  Jour.  Psych.,  v.  V,  1893. 
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His  summary  table  of  results  is  as  follows : 

Table  A^Reaction  with  Right  Hand 
(after  Sanford) 


Stim.  in  R.  H.                    | 

Stim.  in  L.  H. 

Sub- 
ject 

number 
reactions  _ 

10 
22 

II 

avera^^e 
time 

av. 
var. 

number 
reactions 

avera^^e 
time 

av. 

var. 

S 
B 
R 

1284 
145.8 
IS3.3 

8. 

10.1 
6.6 

10 
21 
13 

142.7 
1434 
ISO. 

6.1 

Table  B— Reaction  with  Left  Hand 
(after  Sanford) 

Sub- 
ject . 

number 
reactions 

average 
time 

av. 
var. 

number 
reactions 

average 
time 

av. 
var. 

S 
B 
R 

10 
22 

19 

141^ 
148.2 
138.1 

10.9 
10.9 
10.9 

10 

24 
23 

140.2 

11 

8.6 

All  times  are  given  in  sigmas. 
Sanford  accordingly  concludes  that  it  makes  little  difference 
which  hand  is  stimulated  and  that  the  one  hand  is  as  fast  as  the 
other  in  reacting.  It  should  be  remembered  however  that  the 
experiments  which  Sanford  performed  were  with  electrical 
cutaneous  stimulation  only,  and  it  is  not  safe  therefore  to  infer 
that  these  results  are  likewise  true  for  other  stimulation.  More- 
over the  number  of  reactions  is  not  large  enough  to  be  conclusive. 
An  average  of  ten  or  twenty  trials  leaves  a  great  liability  of  error. 
These  investigations  on  the  effect  of  stimulating  the  reacting  or 
the  opposite  hand  were  first  begun  by  Exner^'  and  it  is  an  attempt 
to  repeat  Exner's  experiment  that  Sanford  has  made  here. 

Fere/*  foimd  that  the  reaction  times  for  the  two  hands  are 
different,  the  left  being  the  longer.  He  also  found  that  the  reaction 
time  for  the  two  hands  when  acting  simultaneously  is  longer  than 
when  each  reacts  separately.  The  right  hand,  when  reacting 
alone,  has  a  reaction  time  of  120  sigmas,  when  it  reacts  with 
the  left  hand  140  sigmas.    The  left  hand  when  reacting  alone, 

1*  Exner,  Sigmund,  "Experimentelle  Untersuchun^f  der  einf achsten  psychis- 
chen  Processe,"  Pfliiger's  Archives,  VII,  1873. 

^*F6r^,  Ch.,  "L'energie  et  la  vitesse  des  mouvements  voluntaircs,"  Revue 
Philosophique,  vol.  28»  1889. 
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has  a  reaction  time  of  i6o  sigmas  and  when  reacting  with  the 
right  hand  i8o  sigmas. 

He  further  investigated  the  effect  of  warming  the  hand  on  the 
reaction  time.  He  foimd  that  after  warming  the  slower  hand 
(the  left  hand)  that  the  reaction  times  equalled  those  of  the  right 
hand  in  speed  and  in  some  instances  passed  them.  In  giving  a 
record  of  the  effect  on  the  several  fingers  of  the  left  hand,  he  gives 
the  reaction  times  for  each  finger  before  the  wanning  process  as : 
thumb,  346  sigmas;  index  finger,  269  sigmas;  middle  finger,  266 
sigmas;  ring  finger,  255  sigmas;  little  finger,  283  sigmas.  This 
very  data  shows  that  he  found  finger  differences.  Unfortunately 
he  does  not  publish  values  for  the  fingers  of  the  right  hand,  so 
that  a  complete  set  of  values  is  not  accessible  from  his  experi- 
ments. He  is  one  of  the  earliest  writers  to  note  the  relation  6i 
the  reaction  time  problem  to  the  development  of  technique  by 
the  pianist. 

Ach*"  in  a  set  of  experiments  in  which  the  subjects  were  to 
react  as  soon  as  they  recognized  the  color  of  the  card  presented, 
had  the  subjects  react  with  the  right  hand  and  the  left  hand  on 
alternating  days.  His  results  showed  that  for  subject  L,  the  re- 
action time  for  the  right  hand  was  i  sigma  longer  than  for  the 
left  hand  and  for  the  subject  H  the  reaction  time  for  the  right 
hand  was  44  sigmas  shorter  than  for  the  left  hand.  In  another 
set  of  experiments,  reported  earlier  in  the  same  volume,  he  com- 
pares the  reaction  times  for  the  thumbs  and  index  fingers  of  the 
two  hands  and  reports  that  for  subject  H  the  left  hand  is  the 
faster  by  54  sigmas,  for  subject  J  the  left  hand  is  faster  by  56 
sigmas  and  for  the  subject  L  it  is  faster  by  2  sigmas. 

Probably  the  most  extensive  work  on  the  difference  between 
the  two  hands  is  that  done  by  Kiesow"  in  the  laboratory  at  Turin, 
So  far  as  the  records  show  he  was  the  first  to  investigate  the  re- 
action of  the  separate  fingers  in  a  comparative  manner.  For  this 
set  of  experiments  he  was  the  observer.  His  results  were  as 
follows : 

i«  Ach,  N.,  Op.  cit.,  reference  footnote  9. 

i«  Kiesow,  F.,  "Beobachtungcn  ubcr  die  Reaktionzeiten  momentaner  Schal- 
leindrucke,"  Arch,  f .  d.  Gcsam.  Psych.,  Bd.  XVI,  1910,  pp.  352-375- 
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Right  Hand 

Left  Hand 

Finger 

average 

mean  var. 

average 

mean  var. 

I 

171.7 

19.5 

1724 

16^ 

2 

175.2 

17. 

178. 

13.S 

3 

166.8 

18.5 

173.8 

13. 

4 

170.5 

16.3 

176.2 

16.S 

5 

175.3 

19.5 

168.7                     18.2 

Kiesow  concludes  that  the  fingers  of  the  right  hand  give  shorter 
reaction  times  than  those  of  the  left,  with  the  exception  of  the 
little  fingei^  of  the  left.  He  goes  on  to  explain  however,  that  the 
physiological  condition  of  the  little  finger  of  his  left  hand  may 
not  be  the  same  as  in  other  people,  due  to  his  long  continued 
practice  on  the  violin.  "Durch  vieles  Klavierspielen  habe  ich 
freilich  alle  meine  Finger  gleichmasig  geiibt,  aber  ich  habe  in 
meiner  Jugend  auszerdem  sehr  viel  Violine  gespielt  und  hierbei 
die  Bewegungen  des  linken  kleinen  Fingers  in  besonderem 
Mase  iiben  miissen."  In  this  work  he  used  sound  stimuli.  He 
further  tried  out  the  difference  between  the  two  hands  in  a  set 
of  experiments  with  four  right-handed  subjects  and  three  left- 
handed.  The  index  finger  of  each  hand  was  used  to  make  the 
response,  and  the  reaction  type^^  he  records  as  motor,  i.e,  the 
attention^*  directed  towards  the  muscular  reaction.  The  results 
were  as  follows : 

Reaction-time  of  right  and  left  hands  to  auditory  stimuli 
(after  Kiesow) 


Right  Hand 

Left  Hand 

Difference 

Subject 

Average 

M.V. 

Average 

M.V. 

J.C.  (r.h.) 
C.S.  (r.h.) 

105.3 

5.3 

109.3 

5.5 

4. 

105.2 

6.2 

109.8 

64 

4.6 

L.B.  <  r.h.) 

105.6 

53 

107.6 

6. 

2. 

M.P.  (:r.h.) 

108. 

6.9 

iii.i 

6.5 

3.1 

R.    (Lh.) 

1 16.5 

8. 

107.5 

7. 

—9. 

M.M.  (lii.) 
P.E.(l.h.) 

1134 

8.5 

1 104 

8.6 

—  3. 

1 14.8 

8.5 

111.6 

7.8 

—3.2 

1^  Salow,  PauL  "Untersudiungen  zur  uni-  und  bilateral  Reaction,"  Psycho- 
logische  Studien,  Bd.  VII,  p.  65,  ff. 

1*  Breitweiser,  J.  V.,  "Attention  and  movement  in  Reaction  Time,"  Ardi. 
of  Psych.,  no.  18,  Aug.  191 1. 
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His  results  showed  that  in  right-handed  people,  the  right  hand  is 
faster  and  in  left-handed  people  the  left  hand  is  faster.  In  in- 
dicating differences  in  tables,  positive  values  mean  right  hand 
faster,  minus  values  mean  that  the  left  hand  is  faster,  by  the 
amounts  indicated. 

Poffenberger*'  found  a  slight,  but  what  he  considered  sig- 
nificant, difference  in  the  reaction  times  of  the  right  and  left 
hands.  He  gives  results  from  loo  reactions  each  from  two  right- 
handed  subjects  and  200  reactions  from  one  left-handed  subject. 
He  obtained  greater  differences  when  only  one  eye  was  stimulated, 
particularly  if  the  eye  opposite  to  the  reacting  hand  was 
stimulated,  but  this  involves  the  question  of  indirect  pathways 
as  compared  with  the  direct.  This  difference  he  regards  as  the 
time  lost  in  conduction  in  the  nerve  centers,  or  the  synapse  time. 
His  results  were  as^  follows : 

Reaction-times  of  Right  and  Left  Hands  (Both  Eyes  Stimulated) 
(after  Poffenberger) 


Subject 

Right  Hand 

Left  Hand 

DiflFerence 

Average 

M.V. 

Average 

M.V. 

T    (r.h.) 
P    (Lh.) 
A  (rJL) 

184.4 
1604 
178.9 

9-9 

184.7 
162.5 
177.2 

5.2 

S.2 
5. 

2.1 
—  1.7 

His  differences  were  even  smaller  than  those  found  by  Kiesow. 
Subject  P,  who  was  left-handed,  was  faster  with  the  right  hand 
by  2.1  sigmas,  and  subject  A,  who  was  right-handed  was  faster 
in  the  left  hand  by  1.7  sigmas.  In  T  there  is  no  real  difference. 
In  fact  none  of  the  differences  are  large  enough  to  be  of  great 
significance. 

Sinn^®  concluded  that  the  left  hand  has  greater  capacity  for 
executing  automatic  and  reflex  movements  and  the  right  greater 
for  consciously  motivated  movements.  While  Sinn  does  not  offer 
an  explanation  or  further  substantiate  his  point  it  is  in  agreement 

i»  PoflFenberger,  A.  T.,  "Reaction-time  to  Retinal  Stimulation,"  Arch,  of 
Psych.,  no.  23,  1912. 
20  Sinn,  Monatschr.  f .  Psydi.  u.  Neur.,  Bd.  26,  1909,  S.  234,  if.,  321,  ft,,  430,  flF. 
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with  the  theory  advanced  by  Meyer^^,  namely  that  during  infancy 
the  child  is  normally  left-handed.  If  this  be  true,  one  might  ex- 
pect that  the  simple  reflex  movements  be  faster  with  the  left  hand, 
it  being  innately  the  preferred  hand.  However,  the  fact  which 
Meyer  also  points  out,  that  the  number  of  fibres  in  the  sartor ious 
muscle,  although  greater  in  the  left  side  in  infancy,  becomes  con- 
siderably greater  in  the  right  in  the  adult,  rather  tends  to  sub- 
stantiate a  greater  possibilty  for  the  right  hand  in  the  adult.  All 
experimental  work  has  been  done  on  the  adult. 

Salow"  agrees  with  Sinn  in  that  the  left  hand  has  superiority 
over  the  right  for  reflex  movements,  and  he  further  adds  that 
the  left  hand  reacts  at  almost  its  maximum  speed  from  the  first, 
but  that  the  right  hand  may  improve  with  practise  although  it 
will  never  quite  reach  the  speed  of  the  left.  In  motor  reactions 
and  choice  reactions  the  difference  is  not  significant. 

Moore*'  has  pointed  out  the  importance  of  the  movement  itself. 
Many  investigators  in  reporting  their  results  have  not  been  care- 
ful to  state  what  movements  were  involved  in  the  reaction. 
Cattell  in  his  work  with  DoUey  on  reaction  time  as  a  means  of 
measuring  speed  of  nervous  impulse,  found  that  the  reaction  time 
is  longer  when  the  movement  is  made  from  the  shoulder,  less  for 
the  forearm  and  nearly  the  same  for  the  wrist  and  fingers. 
When  a  subject  is  told  to  press  down  a  key,  various  sets  of 
muscles  may  be  employed,  unless  some  precautions  are  used  to 
have  the  subjects  use  the  same  movement.  The  position  of  the 
arm  will  make  some  difference  and  cannot  always  be  entirely 
controlled.  Barnes**  in  his  study  of  reaction  with  isolation  of  a 
muscle  group  controls  more  or  less  satisfactorily  the  position  of 
the  arm  and  the  group  of  muscles.  However  this  is  an  artificial 
condition,  one  not  found  in  ordinary  reactions  with  which  we 
are  concerned,  so  that  there  is  something  to  be  said  on  both  sides 
of  the  question  of  artificial  control  of  this  kind. 

21  Meyer,  M.  F.,  "Left-handedness  in  Infancy"  Psych.  Bui.  vol.  lo,  1913, 
p.  209. 

22  Op.  cit.  reference  footnote  17,  p.  80,  if. 
2«0p.  cit.,  reference  footnote  5. 

2*  Barnes,  J.  C,  "Voluntary  Isolation  of  Control  in  a  Natural  Muscle 
Group"  Psych.  Rev.  Monog.,  v.  22,  no.  i,  1916. 
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The  study  made  by  Barnes  is  a  most  interesting  one  in  its 
relation  to  piano  technique.  His  experiments  deal  with  the  con- 
trol over  special  muscles  in  a  group  which  ordinarily  contract 
together.  Most  of  his  discussion  and  conclusions  are  based  on 
the  introspective  data  recorded  by  the  observers,  but  the  methods 
used  and  the  ultimate  resuhs  are  related  to  the  present  topic. 
He  found  among  twenty-two  men  and  ten  women  subjects  no 
sex  differences.  He  selected  the  ring  finger  because  it  usually 
has  the  least  independent  action  of  any  of  the  fingers.  The 
experimental  performance  consisted  of  moving  the  ring  finger, 
first  in  vertical  and  second  in  horizontal  direction,  without  move- 
ment of  the  middle  and  little  fingers.  The  movements  of  all 
three  fingers  were  recorded  on  a  drum.  At  first  there  were 
slight  movements  of  the  ring  finger  and  many  movements  of  the 
two  adjoining  fingers.  As  the  practise  increased  the  movements 
of  the  middle  and  little  fingers  became  less  and  those  of  the 
ring  finger  wider  in  amplitude,  until  perfection  in  the  appointed 
task  was  attained.  After  perfection  of  the  movement  by  the 
right  hand,  the  left  was  given  the  same  experiment.  The  results 
showed  that  when  the  left  hand  was  placed  in  the  thimbles,  the 
ring  finger  moved  almost  as  easily  and  with  as  great  aptitude  as 
though  it  were  continuing  the  practise  of  the  finger  of  the  right 
hand,  which  had  been  going  on  for  two  months.  After  five 
trials  the  movement  on  the  left  hand  was  practically  perfect. 

The  lateral  movements  of  the  ring  finger  are  not  so  im- 
portant, but  a  brief  summary  of  results  of  this  group  of  ex- 
periments shows  that  although  the  ligaments  binding  it  to  the 
little  finger  and  the  middle  finger  are  so  arranged  that  any  ex- 
tensive movement  of  the  ring  finger  in  the  lateral  direction 
would  always  pull  one  or  the  other  of  the  two  adjacent  fingers, 
nevertheless  the  movement  was  learned  much  more  rapidly  than 
movement  in  the  vertical  plane.  This  speed  in  learning  the 
control  of  the  movement  probably  was  accelerated  by  the  pre- 
vious experiment,  although  as  Barnes  says,  it  is  harUly  safe  to 
assert  this  definitely.  For  all  of  the  observers  the  same  order 
was  maintained,  so  that  no  data  is  given  which  oflFers  any  infor- 
mation on  the  relative  time  of  learning  for  the  right  and  left 
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hands,  when  they  are  the  initial  performers.  In  all  of  his  cases 
the  right  hand  had  mastered  the  movement  before  the  left  hand 
began  it. 

Practically  nothing  in  the  way  of  research  has  come  from  the 
pianists  themselves.  It  is  evident  however  that  some  of  the  best 
teachers  and  performers  have  recognized  the  problem  and  the 
difficulties  that  it  offers  to  the  study  of  piano  technique.  Patter- 
son" writes  thus :  "The  great  secret  of  beautiful  playing  on  the 
piano  lies  in  the  independent  and  well  regulated  touch  of  each 
finger  on  the  hand.  To  acquire  this  is  no  easy  thing.  It  may  take 
months  and  even  years  of  patient  practise."  The  writer  goes  on 
to  explain  that  the  five  fingers  of  the  hand  are  unequal  in  size, 
shape  and  capability.  Their  positions  in  regard  to  the  palm  of 
the  hand,  as  in  connection  with  each  other,  give  to  every  member 
of  the  g^oup  an  individuality  which  we  emphasize  when  we  speak 
of  the  thumb,  the  index,  the  middle,  the  ring  and  the  little 
fingers.  "The  pianist,  at  the  commencement  of  his  study,  knows 
how  much  easier  it  is  to  strike  a  note  firmly  and  clearly  with 
the  first  and  second  fingers  (usual  musical  notation  of  fingers) 
than  with  those  known  as  the  third  and  fourth.  The  reason  for 
this  is  explained  upon  examining  the  tendons  of  the  hand. 
Both  the  third  and  fourth  fingers  are  more  fettered  by  digital 
ligaments  than  are  the  remaining  two  and  the  thumb.  The  hand 
is  constructed  rather  to  grasp  or  to  hold  than  to  strike,  in  the 
sense  in  which  we  attack  ,or  touch  the  keys.  Preliminary  aids 
to  strengthening  the  arm  muscles,  and  therefore  the  hand  and 
wrist  action,  have  been  found  helpful  by  many  executants." 

W.  Mason  in  the  same  volume^'  in  a  chapter  on  the  "Two- 
Finger  Exercise"  suggests  something  of  the  problem  of  equalizing 
fingers.  Liszt,  the  great  master,  says  of  this  two-finger  exer- 
cise, "There  is  one  little  exercise  which  has  come  down  from 
Hummel  that  I  never  give  up.  It  does  one  more  good  than 
anything  else."  Lizst  is  reported  to  have  played  it  without 
rhythmical  form,  just  as  a  gymnastic  exercise  to  increase  the 

«*  Patterson,  A.,  "Theory  of  Music  and  Piano  Technique,"  Encyclopedia, 
edited  by  Elson,  pp.  193-195. 
26  Mason,  W.,  Op.  cit.,  reference  footnote  25,  pp.  218,  S. 
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uniformity  of  the  fingers.  Mason  suggests  other  forms  of 
so-called  gymnastics  for  the  same  purpose,  i.e.,  increasing  the 
uniformity  of  the  fingers.  This  is  the  fundamental  problem 
which  confronts  the  pianist  in  developing  technique. 

Such  indefinite  discussions  as  these  are  practically  all  that 
one  finds  in  the  musical  literature.  Such  studies  as  that  of 
Pond*^  even  are  not  many.  His  article  is  one  of  the  few  at- 
tempts to  study  music  or  musical  methods  from  an  experimental 
standpoint.  The  study  is  of  performance  on  the  French  horn, 
chiefly,  and  the  author  points  out  the  value  of  introspective 
analysis  by  a  trained  observer  of  the  methods  of  controlling  the 
mouth,  lips,  breath,  and  to  some  degree  the  fingers.  It  is  to  be 
hoped  that  many  more  such  studies  may  follow  as  aids  in  de- 
veloping methods  of  technique  for  the  various  instruments. 

Apparatus 
The  apparatus  used  for  this  experiment  was  that  which  was 
designed  by  Dr.  A.  P.  Weiss  for  experimental  work  on  condi- 
tioned reflexes.  It  was  so  nearly  like  that  needed  for  the  present 
research  that  Dr.  Weiss  offered  its  use  and  made  the  necessary 
modifications.  Fig.  I  shows  the  electrical  connection  of  the 
apparatus.    It  consisted  of  three  parts : 

1.  The  stimulus  mechanism   (shown  in  unbroken  lines) 

2.  The  reaction  mechanism  (shown  in  broken  lines) 

3.  The  calibration  circuit  (shown  in  dotted  lines) 

I.  The  stimulus  mechanism — The  D.  C.  current  entering  at 
point  a,  is  passed  to  the  tripper  magnet  of  A,  which  is  a  hori- 
zontal duplex  pendulum,  so  weighted  that  when  the  current  is 
passing  through  the  magnet,  end  x  of  the  bar  is  pulled  down- 
ward. From  tripper  magnet  A,  the  current  passes  to  h,  where  it 
may  take  one  of  three  branches.  The  branch  h,  I,  c  passes 
through  the  left  signal  relay,  then  through  left  signal  marker  and 
the  resistance  light  i,  to  the  other  terminal  of  the  D.  C.  socket. 
In  operation  this  branch  gives  the  left  signal  and  also  records 
it  on  the  paper  record  strip. 

27  Pond,   S.   E.,  "A   Contribution   to  the   Study   of  Instrumental   Music," 
Jour,  of  Applied  Psych.,  v.  II,  1918. 
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Fig.  I. — Diagram  of  electrical  connections  for  whole  of  apparatus. 
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The  branch  b,  n,  d  passes  through  the  right  signal  relay,  then 
through  the  right  signal  marker  to  the  resistance  light  i  as  above, 
in  operation  this  branch  gives  the  right  signal  and  also  records 
it  on  the  paper  record  strip.  The  branch  b,  m,  c-d  is  nierely  a 
combination  of  both  the  above  and  gives  a  double  stimulus  and 
its  record. 

The  large  wheel  represented  in  the  dSagram  consists  of  a  flat 
wooden  disc  (26  inches  in  diameter).  On  this  wheel  are  three 
rows  of  screws  at  varying  intervals.  Above  the  edge  of  the  disc 
are  arranged  three  mercury  contacts,  I,  m,  n.  As  the  wheel 
revolves,  one  or  another  of  these  cups  is  pushed  up  far  enough 
by  the  screws  to  make  contact  with  the  hook  extending  over  it 
The  wheel  is  revolved  by  a  motor  placed  under  the  table.  This 
wheel  serves  to  vary  the  succession  of  stimuli  presented  to  the 
subject  and  also  the  time  interval  between  the  stimuli.  It  makes 
it  possible  to  retain  the  same  order  for  each  subject  throughout 
the  experiment. 

The  A.  C.  current  enters  at  e,  part  going  to  each  light  relay. 
From  the  right  (R)  light  relay,  the  current  passes  to  the 
stimulus  light  R  in  the  dark  room  (Fig.  V)  and  from  L  light 
relay  the  current  passes  to  stimulus  light  L  in  the  dark  room. 
From  stimulus  light  L,  the  current  passes  to  B,  the  Timer.  So 
long  as  the  x  end  of  the  tripper  A  is  up,  the  current  will  pass 
through  the  mercury  cup  at  s  in  B,  and  thence  outwards.  How- 
ever as  soon  as  the  magnet  pulls  the  x  end  of  A  down,  then  the 
connection  of  the  A.  C.  current  passing  to  the  stimulus  light  L 
is  broken  at  s.  The  object  of  the  break  at  ^  is  to  give  a  stimulus 
of  constant  duration  independently  of  the  rate  of  rotation  of  the 
wheel.  That  part  of  the  A.  C.  current  which  passes  through  R 
light  relay  to  stimulus  light  R,  in  the  dark  room,  takes  the  same 
path  to  B,  and  then  outwards  as  that  taken  by  the  circuit  from 
stimulus  light  L. 

2.  The  Reaction  Mechanism — The  reaction  mechanism  con- 
sists of  that  part  of  the  apparatus  which  records  the  responses 
given  and  the  presence  or  absence  of  the  red  light  which  marked 
the  time  limit.  The  current  (D.  C.)  entering  at  a,  passes  by  one 
branch  to  the  magnet  of  C,  the  red  light  tripper,  thence  to  the 


Digitized  by 


Google 


INDIVIDUAL  DIFFERENCES  IN  FINGER  REACTIONS         17 

left  light  or  right  light  reaction  marker,  depending  on  which 
reaction  key,  L  or  R,  is  depressed  by  the  subject.  From  the 
marker,  the  pathway  is  through  the  60  watt  lights  2  and  3,  thence 
to  the  keys  indicated  and  from  there  outward. 

The  other  branch  (D.  C)  from  a,  passes  to  B,  the  timer,  then 
through  the  mercury  cup  at  t,  which  is  in  series  with  mercury 
contact  jsr.  If  the  keys  are  depressed  by  the  subject,  the  magnet 
C  jerks  the  hook  of  C  out  of  contact  with  the  mercury  cup.  If 
the  subject  does  not  depress  the  keys,  and  thus  direct  the  current 
through  the  markers  L  and  R,  the  current  passes  on  through 
the  red  light  and  to  the  red  light  marker,  and  then  outward 
through  light  4. 

By  this  method,  if  the  circuit  is  completed  by  the  depression 
of  the  key,  the  appropriate  ^reactions  are  recorded.  If  the  circuit 
is  not  completed  in  time,  the  red  light  flashes  and  a  "slow"  re- 
action is  recorded. 

3.  Calibration  Circuit — The  calibration  circuit,  represented 
by  dotted  lines,  is  that  part  used  to  regulate  the  time  interval  be- 
tween the  stimulus  light  and  the  red  light.  In  this  experiment 
the  time  interval  used  is  four  hundred  sigmas. 

For  this  circuit  the  current  (D.C.)  leaves  a  by  the  same 
branch  as  the  beginning  of  the  stimulus  mechanism  and  passes  to 
the  magnet  of  tripper  A,  From  here  it  passes  to  a  key,  K,  in- 
dicated in  the  diagram.  When  this  key  is  depressed  the  circuit 
is  closed  and  the  tripper  arm  of  A  releases  the  arm  of  B  and  at 
the  same  time  starts  the  chronoscope.  As  soon  as  the  hook  at 
the  t  end  of  B  comes  into  contact  with  the  mercury  cup,  the 
chronoscope  relay  and  light  f  breaks  the  time  recording  circuit. 

The  chronoscope  thus  measures  the  time  between  the  passing 
of  the  current  through  the  magnet  of  ^^  which  on  the  stimulus 
mechanism  controls  the  stimulus  lights,  and  the  time  of  contact 
at  the  t  end  of  B,  which  in  the  reaction  mechanism  controls  the 
red  light.  That  is  to  say,  the  chronoscope  measures  the  length 
of  time  it  requres  the  hook  at  B  to  drop  from  its  upper  position 
to  contact  with  the  cup. 

Lights  i',  2',  and  3'  are  inserted  to  increase  the  resistance. 
By  means  of  a  screw  device  the  mercury  cup  can  be  adjusted 
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until  the  time  of  fall  recorded  by  the  chronoscope  is  exactly  four 
tenths  of  a  second  (400  sigmas).  Before  each  series  of  ex- 
periments the  apparatus  was  calibrated  to  the  desired  time  in- 
terval. 

The  Record — By  means  of  a  roller  moved  by  the  motor  under 
the  table,  a  paper  feeding  device  is  used  which  unrolls  a  record 
strip  before  the  markers.  These  markers  consist  of  glass  tubes 
drawn  out  to  a  fine  point,  and  then  filled  with  ink.  At  the  con- 
traction of  the  magnet  the  attached  point  is  projected  against  the 
paper,  making  a  dot.  L  stimulus  marker  carries  blue  ink,  L 
reaction  marker  carries  red  ink,  R  stimtiltis  marker  carries  blue 
ink,  R  reaction  marker  red  ink,  and  Red  light  marker  blue  ink. 
This  gives  a  clear  and  simple  method  of  recording  the  exact  re- 
sults of  the  reactions  as  well  as  the  stimuli. 

The  following  illustration  shows  all  the  possibilities,  i.e.,  all 
combinations  of  stimuli  and  reactions: 


oooo           0000  0000 

+  +  +  +          ++           -h-h  -1.4           +  + 

0000000  0000000 

■»-^-              +'^                        +    +   ++  -».4.+    + 

ooooooo  0000000 


i  I  J  ^  ^  {>  J  ^  10  n  a  1^  \^  1^  ijr  »8  19  io  21  il  z} 
Fig.  II. — Specimen  record  showing  all  possible  reactions. 
A  dot  in  column  a  (bottom  row)  indicates  an  L  light  stimulus, 
a  dot  in  column  b  indicates  a  reaction  on  the  L  key.  A  dot  in 
column  c  indicates  an  R  light  stimuli^,  one  in  column  d  a  re- 
action on  the  R  key.  A  dot  in  column  e  indicates  the  flashing  of 
the  red  light,  which  means  that  the  reaction  has  been  made  more 
than  four  tenths  of  a  second  after  the  stimulus. 

When  a  given  response  in  a  record  was  m?rked  i,  it  meant 
that  the  left  light  in  the  dark  room  had  flashed  on,  and  that  the 
subject  had  pressed  down  the  left  hand  key  in  less  than  four 
tenths  of  a  second.  If  however,  it  was  marked  2,  it  meant  that 
the  left  light  had  flashed  and  that  the  subject  had  pressed  down 
the  left  hand  key,  but  that  the  time  interval  had  been  more  than 
four  tenths  of  a  second.     Number  3  means  that  the  left  light 
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flashed,  but  that  the  subject  depressed  the  right  key  instead  of 
the  left.  This  method  of  notation  is  used  throughout  in  marking 
records. 

By  this  record  system,  electrically  controlled  markers,  that 
are  a  part  of  the  stimulus  and  the  reaction  circuits,  make  it 
possible  to  know  in  each  reaction,  what  has  been  the  stimulus, 
what  the  response  and  whether  the  reaction  time  was  greater  or 
less  than  400  sigma. 

A  key  to  the  record  is  furnished  by  the  following  table,  in 
which  the  numbers  refer  to  the  numbers  at  the  bottom  of  the 
sample  record  of  Fig.  II.  For  the  sake  of  simplicity  the  re- 
actions are  grouped  by  omitting  numbers  8  and  16. 

1.  Left  light  stimulus,  correct  response. 

2.  "  "  "  ,       "  "      ,  but  slow. 

3.  "  "  "  ,  right  key  response,  not  left. 

4.  "  "  "  ,  right  key  response,  and  slow. 

5.  "  "  "  ,  both  keys  depressed, 

6.  "  "  "  ,  both  keys  depressed,  slow. 

7.  "  "  *'  ,  no  reaction. 

9.  Right  light  stimulus,  correct   response. 

ID.  "  "  "  ,  correct  response,  but  slow. 

11.  "  "  "  ,  left  key  response,  not  right. 

12.  "  "  "  ,  left  key  response,  slow. 

13.  "  "  "  ,  both  keys  depressed. 

14.  "  "  "  ,  both  keys  depressed,  slow. 

15.  "  "  "  ,  no  reaction. 

17.  Both  lights  stimulus,  correct  response. 

18.  "  "  "  ,  correct  response,  but  slow. 

19.  "  "  "  ,  left  key  only. 

20.  "  "  "  ,  left  key  only,  slow. 

21.  "  "  "  ,  right  key  only. 

22.  "  "  "  ,  left  key  only,  slow. 

23.  "  "  "  ,  no  reaction. 

By  means  of  the  wheel  device  already  explained,  the  order  of 
the  stimuli  is  varied,  but  varied  in  a  constant  manner  so  that 
the  subject  can  not  tell  what  stimulus  is  to  come  nor  the  exact 
time  when  it  will  appear.  This  eliminates  preliminary  prepara- 
tion.    A  portion  of  a  sample  record  is  shown  in  Fig.  III. 

Method  of  Scoring. — If  the  correct  response  is  given  within 
the  time  limit,  400  sigmas,  it  is  counted  as  perfect.  If  the 
correct  response  is  given,  but  slower  than  the  time  limit,  it  is 
counted  as  accurate.     Comparisons  are  made  on  the  basis  of 
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Fig.  III. — Portion  of  sample  record. 

score,  and  in  all  cases  scores  are  converted  into  percentages. 
Thus  46  percent  perfect  reactions  means  that  out  of  100  stimuli 
presented,  the  subject  reacted  with  46  perfect  scores.  This 
method  of  scoring  is  based  upon  the  principle  of  standard,  or 
"how  many  fingers  reach  or  pass  a  set  limit." 

The  first  preliminary  set  was  given  with  the  time  limit  of  300 
sigmas,  which  time  was  found  so  fast  that  very  few  perfect 
responses  were  made  by  the  subjects.  The  second  preliminary  set 
was  then  given  with  the  time  limit  of  400  sigmas  and  showed 
that  the  average  subjects  ranged  about  50  percent  perfect  re- 
sponses in  the  trial  series.  In  the  final  series,  one  subject  who 
took  the  experiment  with  the  limit  of  400  sigmas,  showed  a  very 
high  percentage  of  perfect  reactions,  but  when  tried  out  on  300 
sigmas,  gave  too  few  perfect  reactions  to  give  satisfactory  re- 
sults for  comparative  purposes.  One  subject,  (Go)  was  given 
the  entire  series  with  the  time  limit  of  300  sigmas.  All  of  these 
times  may  seem  long,  but  the  reaction  is  such  that  it  becomes  a 
choice  reaction  and  not  a  measurement  of  simple  reaction  time. 
This  explains  the  longer  time  required. 

Subjects 

Fifteen  right-handed  subjects  were  used,  eleven  women  and 
four  men.  Eight  subjects  took  all  nine  series,  i.e.,  all  forty-five 
combinations,  and  five  took  two  series,  i.e.,  ten  combinations. 
Two  others  took  only  one  series  each  and  these  results  were 
used  only  in  the  preliminary  study.  One  subject  (Ga)  took  the 
entire  forty-five  combinations  twice. 

The  personnel  of  the  group  of  eight,  that  group,  the  results 
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of  whom  have  furnished  the  basis  of  this  report,  was  as  follows : 

We.  was  a  professor  of  psychology  at  the  Ohio  State  Uni- 
versity. He  had  no  piano  training,  but  was  an  expert  me- 
chanician, skilled  in  the  use  of  hands  and  fingers  for  fine  adjust- 
ments and  reactions. 

Mu.  was  a  graduate  student,  doing  research  work  in  the 
department  of  psychology  during  the  summer  session  of  1918. 
She  was  thoroughly  familiar  with  the  apparatus  and  its  use. 

Wo.  was  a  student  at  the  University,  doing  undergraduate 
work.  She  was  a  teacher  in  the  public  schools,  giving  some 
time  to  public  school  music  She  played  the  piano  a  little, 
although  her  training  had  been  on  the  reed  organ  more  than  on 
the  piano. 

Mi.  was  a  graduate  student,  assistant  in  the  department  of 
psychology.  She  was  thoroughly  familiar  with  the  apparatus 
and  its  use. 

Ak.  was  a  student  at  the  University.  She  was  a  pianist  of 
considerable  ability  and  also  a  teacher  of  piano.  She  was  one 
of  the  most  practised  subjects  used. 

Go.  was  a  student  at  the  University.  He  had  had  no  specific 
training,  but  his  interest  in  experimental  work  prompted  co- 
operation as  subject. 

Ki.  was  a  student  at  the  University,  doing  undergraduate 
work.  She  was  a  teacher  of  piano  and  was  interested  in  the 
problem  for  its  bearing  upon  piano  technique.  She  is  a  pianist 
of  several  years  training,  also  a  performer  on  the  pipe  organ. 

Ga.  was  a  graduate  student,  the  writer  of  the  present  article. 
She  had  studied  piano,  and  violin,  had  taught  piano,  and  it  was 
her  interest  in  the  development  of  methods  of  technique  that  first 
stimulated  interest  in  this  study. 

The  other  subjects  used  included  two  instructors  in  the  psych- 
ology department  during  the  summer  session  1918,  Cu.  and  Ge. 
The  rest  were  students,  with  some  piano  training,  two  (Si.  and 
Be.)  being  teachers  of  piano  work  as  well  as  performers. 
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The  writer  wishes  here  to  express  her  appreciation  of  the 
services  rendered  by  those  who  gave  so  cheerfully  of  their  time 
and  effort,  and  who  by  their  hearty  cooperation  have  made  this 
study  possible. 

Method. 

So  much  confusion  has  arisen  in  designating  fingers  in  work  of 
this  kind,  (particularly  where  both  hands  were  used)  that  the 
following  method  has  been  adopted  for  the  present  report. 

4  7    A 


Fig.  IV. — ^Finger  notation  nsed  liiroughout  this  report 

When  reference  is  made  to  combination  24,  for  example,  the 
ring  finger  and  the  fore  finger  on  the  left  hand  are  meant 
When  reference  is  made  to  combination  50,  the  thumb  of  the  left 
hand  and  the  little  finger  of  the  right  hand  are  meant,  and  so  on 
for  the  various  combinations.  Forty-five  combinations  are 
possible,  and  experimentation  was  made  on  the  entire  number. 
These  forty-five  combinations  are  grouped  in  sets  of  five  each, 
making  nine  sets.  Each  group  of  five  made  up  a  series.  Four 
subjects  took  the  series  in  order  I  to  IX  and  the  rest  in  the 
order  IX  to  I,  but  no  two  subjects  had  the  same  order  of  com- 
binations within  a  series.  The  numbers  used  refer  to  the  diagram 
and  this  method  of  designating  the  fingers  will  be  used  through- 
out this  work. 

Each  subject  was  taken  into  the  dark  room,  in  which  the  key- 
board end  of  the  apparatus  was  located.  A  single  40  watt  tung- 
sten lamp  was  used  to  light  the  dark  room,  so  that  the  illumination 


Digitized  by 


Google 


INDIVIDUAL  DIFFERENCES  IN  FINGER  REACTIONS         23 

was  about  half  that  ordinarily  used  in  a  room.  The  light  was 
placed  behind  the  subject.  The  arrangement  of  stimulus  lights 
and  reaction  keys  is  shown  in  the  diagram  of  Fig.  V. 


®        S        ID 


"f~f 1 


SubiecX 


Fig.  V. — ^Diagram  of  arrangement  of  lights  and  keys  in  the  dark  room. 

The  two  ID  watt  Mazda  lights  used  as  stimuli  were  placed  in 
long  wooden  boxes  with  equal  sized  holes  in  the  ends,  so  that 
the  subject  saw  not  the  glare  of  the  filaments  of  the  bulb,  but 
rather  the  glow  of  the  yellow  light  that  filled  the  box.  The 
placement  of  the  red  light  was  in  a  similar  box.  The  keys  with 
which  the  subject  reacted  were  of  the  depression  key  type,  or- 
dinarily used,  but  so  arranged,  by  the  tension  of  the  spring  that 
it  required  70  grams  weight  to  depress  each  key.  The  amount  of 
weight  required  to  depress  the  ke)rs  of  pianos  of  different  makes 
varies  somewhat,  but  the  variation  among  the  keys  of  any  given 
piano  of  good  quality  is  small.  A  Knabe  grand  piano  which  was 
tested  required  a  weight  of  53  grams  to  depress  the  keys.  Only  a 
few  keys  varied  from  this  amount  and  none  by  more  than  six 
grams.  Likewise  a  Chickering  grand  piano  which  was  tested 
required  a  weight  of  37  grams  to  depress  the  keys,  and  showed 
no  variation  greater  than  7  grams.  The  keys  used  in  this  ex- 
periment requiring  70  grams  weight  have  enough  resistance  to 
equal  that  of  any  of  the  pianos  of  so-called  stSffer  action  and  yet  is 
not  equal  to  the  amount  usually  given  by  all  the  subjects  in  re- 
acting to  keys  of  this  sort.  In  other  words,  the  resistance  was 
not  enough  to  cause  errors  due  to  failure  to  depress  the  keys 
far  enough  to  make  electrical  contact.  Whenever  the  fipger 
reacted  to  the  key,  it  was  recorded. 
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The  following  instructions  were  given  to  each  subject  at  the 
beginning  of  the  first  series: 

You  are  to  sit  in  here  thus :  (experimenter  takes  place  in  the  chair,  places 
hand  on  the  keyboard  and  demonstrates).  Now  in  the  box  on  the  left  there 
is  a  yellow  light,  and  in  the  box  on  the  ri^ht  there  is  a  yellow  light  When 
the  light  comes  on  in  the  left-hand  box,  press  down  the  left-hand  key  as  quickly 
as  possible;  when  the  light  comes  on  in  the  right-hand  box,  press  down  the 
right-hand  key  as  quickly  as  possible.  When  the  two  lights  come  on  at  the 
same  time,  press  down  both  keys  as  quickly  as  possible  and  as  nearly  at  the 
same  time  as  you  can.  Try  to  avoid  tripping,  i.e.,  putting  one  key  down  before 
the  other.  Now  in  the  middle  box  there  is  a  red  light  This  will  come  on 
when  the  responses  which  you  have  made  to  the  yellow  light  have  been  too 
slow.  You  are  to  try  to  make  the  responses  as  accurate  as  possible  and  at 
the  same  time  to  keep  the  red  light  from  flashing  in  as  many  cases  as  you  can. 

In  each  set  you  are  to  use  a  different  pair  of  fingers ;  I  shall  indicate  which 
finger  combinations  to  use,  just  before  each  series  is  begun. 

After  the  first  series  it  was  unnecessary  to  repeat  the  instruc- 
tions. Merely  a  reminder  of  the  stimuli,  the  responses  required 
and  a  naming  of  the  fingers  to  be  used  were  given.  A  rest  of 
60  seconds  was  allowed  between  combinations,  and  the  first  six 
or  eight  reactions  were  not  counted.  Each  series,  i.e.,  each 
set  of  five  combinations,  was  given  at  a  separate  time,  usually 
on  succeeding  days.  A  single  series  required  forty  minutes 
for  execution. 

Results 
Difference  between  fingers  on  the  basis  of  speed. — A  comparison 
of  the  relative  speed  of  the  fingers  is  shown  in  Table  I,  which 
gives  the  rank  of  each  finger  for  each  individual. 

Table  I. 
Rank  of  Individual  Fingers  on  Basis  of  Speed. 


Av. 

Subjects 

We 

Wo 

Mu 

Ga 

Mi 

Ak 

Go 

Rank 

A.D. 

Finger  i 

10 

7 

6 

8 

8 

10 

10 

8.4 

1.3 

2 

1 

10 

10 

5.5 

9 

3 

4 

6.6 

2,6 

3 

% 

4 

10 

4 

7 

7 

7.0 

1.7 

4 

7 

9 

I 

7 

4 

5.5 

1-^ 

2X> 

5 

9 

6 

8 

4 

10 

8 

2 

6.7 

2.3 

6 

2 

3 

5 

2 

I 

5 

5.5 

3.3 

1:1 

7 

4 

4 

3 

9 

3 

2 

I 

3.7 

8 

6 

S 

2 

7 

6 

I 

8 

5.0 

2.0 

9 

3 

2 

7 

5.5 

5 

6 

3 

4.5 

1.5 

0 

I 

I 

I 

3 

2 

9 

9 

3.5 

2.9 
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Correlations  on  the  basis  of  the  relative  rank  between  the  sev- 
eral fingers  when  used  by  the  different  subjects  does  not  give  high 
correlation  except  in  a  few  cases.  This  only  means  that  individ- 
uals differ  among  themselves  as  to  the  relative  skill  of  the  fingers. 
It  is  however  noticeable  that  certain  fingers  are  usually  the  best 
fingers,  the  variation  being  greatest  among  the  rest  of  the 
fingers.  The  number  of  right  hand  fingers  placed  in  the  upper 
50  percent  of  the  ranking  is  as  follows:  We,  4;  Wo,  5;  Mu,  4; 
Ga,  3;  Mi,  4;  Ak,  3;  Go,  3.  The  same  numbers  are  accordingly 
fotmd  for  the  left  hand  fingers  in  the  lower  50  percent  of  the 
ranking.  The  subjects  that  show  the  greatest  speed  also  show 
greater  distribution  of  the  fingers  of  the  two  hands,  e.g.,  Ga., 
Ak.,  and  Go. ;  and  the  subject  that  was  the  slowest  throughout. 
Wo.,  shows  the  greatest  grouping,  all  five  fingers  of  her  right 
hand  being  in  the  upper  50  percent  of  ranking. 

Comparison  of  Right  Hand  with  Left  Hand  Fingers. — ^In 
agreement  with  the  findings  of  Kiesow,  the  present  results  show 
differences  not  only  between  hands,  but  also  between  the  fingers 
of  the  two  hands.  These  differences  are  best  shown  by  Table  II. 
The  results  are  given  in  terms  of  percent,  which  value  is  derived 
by  taking  the  sum  of  all  the  perfect  reactions  for  a  given  finger 
in  combination  with  each  other  finger  and  dividing  the  result  by 
450.  The  differences  between  right  and  left  hands  as  shown 
here  are  based  on  2,250  reactions  for  each  hand. 

Table  II. 
Differences  between  Fingers  on  Basis  of  Speed. 


Subj. 

Left  Hand 

Right  Hand 

Diff. 

1 

I 

2 

3   4   5 

Av. 

6 

7 

8   9 

0 

Av. 

We 

51 

58 

55   56   53 

54 

66 

62 

57  62 

66 

62 

8 

Wo 

18 

14 

16   18   19 

17 

40 

36 

29   44 

46 

40 

22 

Mu 

53 

46 

56   47   49 

50 

56 

57 

61   56 

65 

59 

9 

Ga 

40 

42 

37   50  42 

42 

48 

39 

40   42 

44 

42 

0 

Mi 

53 

51 

56   53   50 

53 

64 

57 

53   54 

60 

58 

6 

Ak 

70 

81 

77   80   77 

77 

79 

84 

86   78 

71 

80 

3 

Go* 

18 

28 

28   28   29 

26 

28 

37 

27   29 

26 

30 

4 

*The  figures  for  Go.  are  the  basis  of  a  shorter  time,  300  sigmas,  but  the 
differences  between  fingers  and  between  hands  is  shown  just  as  clearly. 
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The  results  show  that  the  right  hand  excels  with  respect  to 
speed  in  every  case  except  one,  subject  Ga.  Ga  was  a  subject 
whose  mother  was  natively  left-handed,  but  who  had  acquired 
right  hand  habits  through  training.  Ga*s  father  was  a  member 
of  a  family  that  showed  decided  tendencies  toward  ambidexterity. 
One  brother  of  Ga  is  left-handed.  Moreover  the  training  of  the 
subject  Ga  has  been  such  as  to  develop  the  reactions  of  the  left 
hand.  Piano  practise,  typewriting  and  other  performances  using 
the  fingers  of  the  left  hand  were  habitual.  In  addition  to  this 
there  is  the  factor  which  Kiesow  mentions  with  regard  to  the 
development  of  the  fingers  of  his  own  left  hand,  particularly 
the  little  finger,  namely  that  the  subject  had  in  earlier  years 
played  the  violin,  which  performance  develops  the  reactions  of 
the  left  hand  fingers,  especially  the  little  finger. 

It  is  again  noticeable  that  the  subject  that  showed  the  slowest 
reactions  was  the  subject  who  showed  the  greatest  differences 
between  hands.  (Wo.,  difference  of  22).  Likewise  Mu,  whose 
training  next  to  Wo's  was  least  complete  showed  a  great  differ- 
ence between  the  performance  of  the  two  hands  (10).  It  seems 
probable  that  as  the  practises  which  increase  finger  efficiency 
go  on,  the  differences  between  the  fingers  and  between  the  two 
hands  grow  less  and  less.  In  other  words,  instead  of  resulting 
in  a  uniform  increase  with  each  finger,  practice  tends  to  equalize 
the  reactions  of  the  several  fingers. 

With  regard  to  accuracy,  differences  between  fingers  and  be- 
tween the  two  hands  are  again  evident,  but  are  much  smaller 
than  the  differences  in  speed.  The  values  are  obtained  by  talcing 
the  sum  of  all  the  correct  reactions,  whether  on  time  or  slow,  and 
dividing  by  450  as  in  the  preceding  table  of  results.  The  dif- 
ferences in  accuracy  for  the  ten  fingers  are  shown  in  Table  III. 

The  differences  here  between  the  two  hands  are  too  small  to 
have  much  significance.  The  fact  that  the  percentages  are  so 
large  throughout  indicates  that  the  method  is  not  a  sufficiently 
fine  measure  of  accuracy.  But  it  has  the  advantage  of  measuring 
this  factor  at  the  same  time  as  the  speed,  i.e.,  in  the  same  per- 
formance.   The  right  hand  is  more  accurate  than  the  left  except 
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Table  III. 
Differences  between  fingers  on  Basis  of  Accuracy. 


Sabj. 

Left  Hand 

Right  Hand 

Diff. 

I 

2 

3 

4 

5 

Av. 

6 

y 

8 

9 

0 

Av. 

We 

81 

85 

86 

80 

87 

84 

90 

86 

86 

88 

86 

87 

3 

Wo 

Mu 

89 

89 
91 

89 
91 

88 
90 

88 
76 

88 
87 

'i, 

§ 

89 
92 

g 

88 
89 

^ 

2 
I 

Ga 

92 

93 

93 

^ 

95 

93 

93 

95 

94 

93 

93 

93 

0 

Mi 

80 

84 

86 

«3 

79 

82 

86 

86 

83 

§4 

85 

3 

Ak 

91 

94 

94 

92 

93 

92 

95 

95 

96 

95 

«9 

94 

2 

<Go 

75 

78 

84 

79 

78 

79 

vt 

75     80 

74 

66 

74 

—5 

* 

1 

in  one  case,  subject  Go.  Subject  Ga.,  as  in  the  measurement  of 
speed,  shows  no  difference  between  the  right  and  left  hands. 

The  explanation  offered  there  applies  equally  with  respect  to 
accuracy.  A  similar  explanation  might  perhaps  be  offered  with 
regard  to  Go,  who  showed  the  left  hand  to  be  more  accurate 
than  the  right.  His  mother  was  left-handed  and  some  other 
members  of  the  family  showed  unusual  skill  with  the  left  hand. 

The  differences  between  the  fingers  in  speed  and  accuracy  are 
shown  in  Graph  I. 

Fingers  in  Combination. — The  finger  with  which  a  given 
finger  is  combined  is  a  factor  influencing  the  speed  and  to  a 
lesser  extent  the  accuracy  of  the  response  of  a  finger  at  any 
given  time.  Here  as  in  other  points  there  are  individual  differ- 
ences. However  there  is  indication  that  in  the  majority  of  cases, 
certain  fingers  are  more  easily  combined  with  the  thumb  of  the 
right  hand  for  example  than  the  other  remaining  fingers,  etc. 

Table  IV. 
Finger  with  which  a  given  finger  produces  the  highest  speed. 


Subject 

I 

2 

3 

4 

5 

6 

7 

8 

9 

0 

We 

0 

7 

9 

0 

I 

4 
8 

2 

6 

I 

I 

Mu 

0 

7 

7 

0 

2 

6 

5 

M 

Wo 

6 

7 

9 

6 

0 

4 

9 

5.6 

7 

4 

Ga 
Mi 

0 

3 

7 
6 

9 
9 

0 

1,7 

t 

I 

2 
3 

6 
9 

5 
3 

5 

Ak 

8 

7 

6 

9 

8 

4 

3 

2 

X 

2 

Go 

8 

0 

0 

7 

0 

0 

8 

7 

7 

5 
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Gbaph  I.— Differences  between  fingers  in  speed  and  aocttracy. 
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Table  V. 
Finger  with  which  a  given  finger  produces  the  greatest  accuracy. 


Sub- 

ject 

I 

2 

3 

4 

5 

6 

7 

8 

9 

0 

We 

3,7,0 

6,7 

I 

I 

7 

2y4 

2 

2 

I 

I 

Mu 

6 

7 

5 

6 

7,8 

8 

6,9 

7,8 

8 

6,7 

Wo 

I 

4 

8,9 

2,6 

4,7 

2,4,0 

0 

3,5 

0 

Ga 

7^ 

S 

I 

7 

IA4 

3 

5 

3,4,6 

2,6,7 

1,(5,8 

Ml 

7,8 

I 

7 

7,0 

8 

0 

3 

4 

0 

x,2,5 

Ak 

7 

7 

6 

0 

6 

5 

2 

9 

1,9 

M 

Go 

9 

8 

0 

1,9 

3,0 

3,4 

8 

9 

1,6 

5,6 

For  three  of  the  subjects,  finger  i  obtains  its  greatest  speed  in 
combination  with  finger  o,  for  two  others  when  with  finger  8. 
Five  of  the  seven  subjects  obtained  the  greatest  speed  with  finger 
2  when  in  combination  with  finger  7.  It  is  not  necessary  to  call 
special  attention  to  the  values  for  each  finger  as  this  can  be  de- 
rived from  the  table.  The  general  conclusion  to  be  drawn  is  the 
fact  that  the  greatest  speed  is  obtained  when  the  given  finger 
is  acting  with  a  finger  of  the  opposite  hand.  For  fingers  i,  4 
and  6,  six  of  the  seven  subjects  show  this  to  be  true ;  for  fingers 
2,  3,  5,  and  o,  all  seven  subjects  agree;  and  for  fingers  7  and  9 
five  of  the  subjects  find  the  greatest  speed  when  the  combination 
includes  a  finger  of  the  opposite  hand.  Finger  8  offers  a  decided 
exception  in  that  all  but  one  subject  produced  the  greatest  speed 
with  this  finger  when  it  was  in  combination  with  some  other 
finger  of  the  same  hand  (right  hand).  It  is  quite  possible  that 
the  middle  finger  of  the  right  hand  has  by  continued  use  become 
more  independent  in  its  movements  than  the  other  fingers,  and 
has  developed  skill  in  operation  with  the  fingers  of  the  same  hand 
particularly.  In  grasping  an  object,  manipulation  of  tools  and 
other  articles,  the  middle  finger  and  the  thumb  are  continually 
juxtaposed.  Four  of  the  subjects  found  that  the  greatest  speed 
was  obtained  when  finger  8  was  in  combination  with  finger  6, 
which  represents  the  thumb  of  the  right  hand,  one  when  in  com- 
bination with  the  index  and  another  when  in  combination  with 
the  ring  finger. 

There  is  little  similarity  among  the  subjects  on  the  basis  of 
accuracy  (Table  V).    A  much  wider  variety  of  combinations  is 
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recorded.  The  same  general  principle  holds  true,  however,  as  in 
the  case  of  speed,  i.e.,  the  greatest  accuracy  is  obtained  by  most 
observers  when  the  finger  used  with  the  given  finger  is  on  the 
opposite  hand. 

Comparison  of  Two-Finger  with  One-Finger  Reactions, — 
Although  responding  to  stimuli  with  two  fingers  requires  more 
movement,  and  also  the  excitation  of  more  pathways,  neverthe- 
less the  results  show  that  two-finger  reactions  are  the  faster  as 
well  as  the  more  accurate.  The  method  of  derivation  is:  the 
sum  of  the  I's  plus  the  9's  for  the  entire  45  combinations,  di- 
vided by  4500  equals  the  percent  of  perfect  scores  for  all  single 
finger  reactions  involved;  the  sum  of  all  ifs  for  the  entire  45 
combinations,  divided  by  2250  equals  the  percent  of  perfect 
scores  for  all  double-finger  reactions  involved.    The  results  are 

as  follows: 

Table  VI. 
Speed  of  Single-finger  Reactions  Compared  with  Two-finger  Reactions. 


Subjects 

Single-finger 

Double-finger 

We 

59 

74 

Wo 

28 

46 

Mu 

54 

^ 

Ga 

43 

68 

Mi 

55 

l^ 

Ak 

78 

89 

Qo 

28 

41 

Table  VII. 
Accuracy  of  Single-finger  Reactions  Compared  with  Two-finger  Reactions. 


Subjects 

Single-finger 

Double-finger 

*• 

We 

85 

^ 

Wo 

89 

98 

Mu 

87 

97 

Ga 

93 

97 

Mi 

83 

99 

Ak 

93 

99  + 

Go 

76 

99  + 

With  the  score  for  one-finger  reactions  based  on  the  results 
of  4500  single  reactions,  and  the  score  for  the  two-finger  re- 
actions based  on  the  results  of  2250  reactions  a  considerable 
degree  of  reliability  may  be  assumed.  Cattell  claimed  that  the 
variable  error  is  practically  eliminated  in  the  average  of  100 
measurements  for  each.     For  every  subject  the  two-finger  re- 
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actions  are  much  the  faster,  and  are  also  more  accurate.  This 
might  be  explained  in  several  ways :  ( i )  increased  stimulation, 
(2)  nervous  accumulation,  (3)  absence  of  the  choice  element. 

Todd^*  found  that  whenever  another  stimulus  was  added  to  a 
given  stimulus,  there  was  a  reduction  in  the  reaction  time. 
"That  is  to  say,  the  added  stimulus  facilitated  or  unenforced  the 
reaction-reflex."  On  this  ground,  it  is  reduced  to  the  assumption 
that  strong  stimuli  force  the  barrier  across  the  synapses  more 
quickly  than  do  weak  ones.  However  in  the  present  work, 
whenever  a  double  stimulus  is  given,  a  double  reaction  is  also 
required.  It  would  be  difficult  to  determine  how  much  of  the 
speed  gained  in  the  two-finger  reactions  were  due  to  increased 
stimulus,  apart  from  other  factors  involved. 

When  the  fingers  are  not  reacting,  both  are  in  preparation  for 
the  coming  stimulus,  inasmuch  as  the  subject  has  no  means  of 
knowing  which  stimulus  will  be  presented  next.  If  the  stimulus 
that  appears  is  a  single  one  and  for  the  right-hand  finger,  the 
other  finger  must  be  inhibited  or  kept  from  reacting.  This  is  just 
as  much  a  part  of  the  process  as  the  movement  downwards  of  the 
approximate  finger.  Now,  when  a  double  stimulus  appears,  re- 
quiring the  movement  of  both  fingers,  this  element  of  choice 
and  inhibition  is  lacking.  The  "set"  prepared  in  both  "releases 
the  trigger"  and  the  double  movement  occurs.  This  is  one  of  the 
elements  in  the  shortening  of  the  time. 

The  instances  in  which  only  one  finger  responds  to  a  double 
stimulus  are  very  much  rarer  than  those  in  which  two  fingers 
respond  to  a  single  stimulus.  In  those  cases  where  there  were 
two  lights  and  only  one  finger  reacted,  it  was  more  often  the 
right  finger  than  the  left.  ThSs  was  true  for  five  of  the  seven 
subjects.  In  those  cases  where  only  one  stimulus  light  was 
given  and  two  fingers  reacted,  the  results  are  as  follows: 

With  five  of  the  seven  subjects  more  errors  of  this  kind  occur 
when  the  right  hand  stimulus  is  given.  In  other  words,  the  left 
hand  makes  more  uncalled  for  reactions  than  does  the  right. 
This  means  poorer  inhibition  of  the  movements  of  the  left  hand, 
inasmuch  as  the  "set"  is  opened  for  either  reaction  when  the 

*8  Todd,  J.  W.,  "Reaction  to  Multiple  Stimuli,"  Arch,  of  Psych.,  v.  25,  191a. 
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Table  VIII. 
Double  reactions  to  single  stimuli 


Left  stimulus 

Right  stimulus 
both  fingers  reacting 

Subjects 

both  fingers  reacting 

We 

i8 

13 

Wo 

9 

10 

Mu 

9 

14 

Ga 

6 

6 

Mi 

i6 

17 

Ak 

5 

7 

Go 

22 

25 

Stimulus  appears.  This  is  another  evidence  of  the  less  efficient 
control  of  the  movements  of  the  left  ha|nd  as  compared  with  the 
right.  These  figures  represent  the  results  of  2250  reactions 
converted  into  percentage  on  the  basis  of  the  whole. 

Relative  Efficiency  of  Combinations, — In  another  connection 
it  was  noted  that  the  combination  which  is  most  efficient  for 
different  individuals  may  vary,  but  that  is  usually  a  combination 
involving  one  finger  on  each  hand.  Further  examination  of  the 
relative  score  of  the  different  combinations  used  shows  that  the 
individuals  differ  greatly  as  to  the  order  of  efficiency,  both  in 
speed  and  accuracy.  The  scores  for  each  combination  of  fingers 
and  for  each  subject  when  compared  bear  out  this  fact. 

Correlation  of  the  relative  rank  of  the  combinations  for 
different  individuals  show  for  the  most  part  low  and  in  some 
cases  negligible  correlations.  A  few  are  high  enough  to  be 
significant.  This  marked  difference  between  individuals  on  the 
basis  of  combinations  is  probably  due  in  large  measure  to  a 
difference  in  training.  When  the  fingers  are  considered  apart 
from  any  particular  combination,  certain  fingers  seem  always  to 
excel,  i.e.,  the  same  finger  is  found  to  be  best  for  several  in- 
dividuals, and  yet  their  most  efficient  combinations  of  fingers 
vary.  No  two  people  perform  exactly  the  same  acts  or  move- 
ments in  ordinary  life.  The  fundamental  movements  are 
similar  and  accordingly  certain  fingers  excel  in  speed  and  ac- 
curacy. Moreover,  certain  combinations  are  higly  developed 
in  all  subjects.  For  example,  combinations  16,  10,  27,  40,  70, 
39  and  others  occupy  a  relatively  high  rank  with  most  subjects, 
while  combinations  25,  15,  23,  29,  35,  45,  49  and  others  occupy 
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a  low  rank  with  most  of  the  subjects.  These  are  the  most  highly 
developed  and  the  lowest  developed  combinations.  The  lack  of 
correlation  between  subjects  on  the  basis  of  the  whole  forty-five 
combinations,  is  brought  about  by  the  wide  variation  in  the  rank 
of  other  less  used  combinations  of  fingers,  which  vary  from 
subject  to  subject  in  degree  of  development. 

The  five  subjects  who  took  only  ten  finger-combinations,  were 
given  combinations  of  such  a  nature  that  they  would  include 
4  right  hand  combinations,  4  left  hand  combinations  and  2  two 
hand  combinations.  Although  the  figures  are  smaller  here  in 
the  case  of  the  first  group  of  subjects,  the  results  are  worthy  of 
mention.  An  average  of  the  results  of  the  several  combinations 
and  for  the  five  subjects  gives  the  following: 


Combination 

Speed 

Accuracy 

Left  hand 

60 

90 

Both  hands 

59 

94 

Ri^ht  hand 

44 

92 

The  combination  which  were  presented  to  these  five  subjects 
were  simply  selected  as  being  those  frequently  used  in  piano, 
work,  so  that  it  is  a  mere  element  of  chance  so  far  as  this  ex- 
periment is  concerned.  When  the  relative  rank  of  these  in- 
dividual finger  combinations  is  noted  in  the  records  of  those 
subjects  who  performed  all  forty-five  sets,  the  above  results  are 
found  to  be  in  harmony.  In  other  words,  it  so  happened  that 
the  combinations  chosen  were  right  hand  combinations  which 
ranked  low  comparatively,  and  left  hand  combinations  which 
ranked  high.  This  merely  shows  then  that  there  is  a  fair  degree 
of  reliability  in  the  method  even  where  only  a  few  sets  are  re- 
quired of  each  subject.  It  also  demonstrates  the  importance 
of  indicating  the  members  of  the  body  used  in  any  given  ex- 
periment. On  the  basis  of  one  combination  of  fingers  very 
different  results  are  obtained  from  those  using  some  other  com- 
binations and  may  lead  to  erroneous  conclusions. 

Some  practise  effect  may  be  included  in  the  score  of  the  com- 
binations that  occur  later  in  the  series  of  forty-five  combina- 
tions. This  will  effect  to  some  small  degree  the  relation  of  com- 
binations, but  in  the  total  results  this  effect  tends  to  be  counter- 
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balanced  by  the  inverted  order  of  presentation  of  the  series  to  dif- 
ferent subjects.  Moreover,  the  order  of  combinations  was  so 
aranged  that  in  almost  every  group  of  five,  each  finger  was  used 
once.  There  was  a  few  modifications  from  this  arrangement,  but 
not  variation  enough  to  give  one  finger  more  practise  than 
another.  By  this  means,  even  though  in  the  later  series  the  fingers 
may  have  a  slight  increase  in  speed  due  to  practise  effects,  it  is 
uniform,  so  that  in  averaging  results,  this  factor  is  alike  for  each 
finger. 

Considering  the  twenty  combinations  which  rank  at  the 
upper  end  of  the  scale  for  each  individual,  it  is  found  that  by 
far  the  majority  of  these  combinations  are  combinations  using 
one  finger  on  each  hand.  For  We  and  Ak,  i6  of  the  20  com- 
binations are  two-hand  ones,  for  Wo,  Mu,  Ga  and  Mi,  13  of 
the  20  are  two-hand  combinations  and  for  Go  12.  Most  of  the 
remaining  combinations  that  rank  among  the  twenty  fastest  are 
right  hand  combinations,  i.e.,  both  fingers  belong  to  the  right 
hand.  Only  nine  combinations  out  of  the  whole  140  (seven 
subjects  with  20  combinations  each)  are  left-hand  combina- 
tions. It  seems  conclusive  therefore,  that  two-hand  conibina^ 
tions  are  fastest,  right-hand  combinations  next  and  the  left-hand 
combinations  the  slowest. 

Another  question  involved  in  the  general  problem  of  com- 
binations is  whether  the  speed  of  two-finger  reactions  is  greater 
when  the  two  fingers  are  on  the  same  hand  or  on  two  hands. 
In  our  discussion  of  the  fastest  combinations,  both  single  and 
double  reactions  are  considered  in  the  total  score.  The  problem 
with  which  we  are  now  concerned  deals  with  double  reactions 
only.  By  converting  into  percentages  all  the  double  reactions 
(represented  in  the  record  sheets  by  number  17's)  and  then  seg- 
regating into  three  groups,  namely  two-hand,  left-hand  and 
right-hand,  a  comparison  may  be  made  according  to  Table  IX. 

For  all  the  subjects  except  We,  double  reactions  which  in- 
volve left  hand  fingers  only,  are  the  slowest.  For  four  of  the 
seven  subjects,  two-finger  reactions  involving  two  hands  are  the 
fastest  and  for  the  remaining  three  the  right  hand  two-finger 
reactions  are  the  fastest.     Fere"  concluded  that  the  reaction 

2»F6r^  Ch.,  Op.  cit.,  reference  footnote  14- 
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times  for  the  two  hands  acting  together  was  greater  than  either 
hand  acting  alone.  In  no  case  do  the  present  results  agree  with 
this  conclusion.  On  the  contrary,  reactions  with  the  two  hands 
acting  together  are  faster  than  the  left  hand  acting  alone,  and 
in  the  majority  of  cases  faster  than  the  right  hand  acting  alone. 

Table  IX. 
Two-finger  reactions  on  a  basis  of  hands. 


Subject 

Both  hands 

Left  hand 

Right  hand 

We 

82 

70 

61 

Wo 

50 

27 

53 

Mu 

76 

74 

80 

Ga 

74 

55 

65 

Mi 

78 

62 

74 

Ak 

92 

83 

89 

Go 

44 

22 

50 

Symmetrical  Movements, — It  would  seem  on  first  considera- 
tion that  not  only  should  two-hand  movements  be  faster*,  but 
that  also  those  two-hand  movements  which  are  symmetrical 
should  be  the  faster.  In  the  ranking  of  the  combinations  in  the 
order  of  speed,  the  symmetrical  combinations,  i.e.,  combinations 
10,  29,  38,  47,  and  56,  do  not  occur  frequently  enough  to  justify 
the  assumption  that  the  symmetry  plays  any  role.  In  the 
fastest  twenty  combinations,  combination  10  appears  for  four 
subjects,  29  for  none,  38  for  three,  47  for  one,  and  56  for  four. 
Out  of  a  possfible  thirty-five  times  in  the  records  of  the  seven 
subjects,  symmetrical  combinations  appear  but  twelve  times  and 
in  such  cases  as  they  do  occur,  it  seems  to  be  a  matter  of  more 
efficient  finger  rather  than  the  symmetrical  two-hand  movement. 

If  the  double  reactions  alone  are  considered,  the  average  of 
the  17's  for  the  five  symmetrical  combinations  is  considerably 
less  than  the  average  of  all  two-hand  double  reactions.  For 
five  of  the  seven  subjects  and  for  one  of  the  two  remaining  sub- 
jects the  values  are  exactly  the  same.  There  seems  to  be  no 
reason  for  concluding  that  symmetrical  movements  are  faster 
than  those  two-finger  movements  that  are  not  symmetrical, 
although  two-finger  movements  when  the  fingers  are  on  opposite 
hands  are  faster  than  two-finger  movements  when  the  fingers  are 
on  the  same  hand. 
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Premature  Reactions, — Very  little  attention  need  be  paid 
here  to  responses  that  preceded  the  stimulus.  In  the  first  place 
the  element  of  anticipation  was  practically  eliminated  by  means 
of  the  irregular  order  of  presentation  and  time  interval  between 
stimuli.  The  number  of  premature  responses  in  these  experi- 
ments was  so  small  that  they  were  discarded.  There  were  only 
12  or  15,  and  these  were  found  chiefly  in  the  records  of  one 
subject. 

Wood  worth*®  points  out  that  if  the  stimulus  follows  at  an 
irregular  interval,  the  reaction  is  not  so  short  as  when  the  pro- 
cedure is  regular.  "If,  indeed,  the  procedure  is  so  regular  that 
the  movement  of  the  stimulus  can  be  exactly  anticipated,  the  move- 
ment may  be  made  to  coincide  with  the  stimulus  in  time,  and  the 
whole  character  or  the  experiment  thus  changed.  This  result 
is  avoided  by  varying  the  preliminary  interval  within  narrow 
limits."  When  in  addition  to  the  irregular  time  of  the  presenta- 
tion of  the  stimuli,  the  order  is  varied,  the  subject  cannot  pre- 
pare a  preliminary  "set"  for  any  one  reaction.  This  setting  up 
or  opening  up  of  a  particular  pathway  which  gives  the  impulse  a 
quick  passage  to  the  motor  nerves,  as  Woodworth  describes  it, 
is  not  wholly  possible.  Both  fingers  must  be  ready  to  react  as 
quickly  as  possible.  The  difficulty  often  lies  in  inhibiting  the 
action  in  the  finger  not  called  upon  by  the  stimulus  presented. 
One  subject  Ga.,  after  taking  50  or  more  sets  was  able  to  an- 
ticipate the  order  of  the  stimuli.  This  subject,  however,  felt 
that  it  was  no  particular  advantage,  but  rather  made  the  per- 
formance more  complex  than  the  simple  response  after  the 
stimulus  was  given,  without  knowledge  of  what  it  was  to  be. 
The  fact  that  the  subject  could  anticipate  the  order  after  many 
series  had  been  performed  did  not  influence  the  results  and  con- 
clusions derived,  from  the  experiment,  for  not  until  after  the 
whole  of  the  45  combinations  had  been  taken  could  this  subject 
even  anticipate  any  of  the  orders. 

Effect  of  Practise, — The  question  as  to  the  effect  of  the  repeti- 
tion of  the  experiment  on  the  later  combinations,  in  other  words 

«oLadd  and  Woodworth,   "Physiological   Psychology,"   New  York,   1911, 
page  481. 
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the  effect  of  practise,  was  studied.  It  might  seem  that  those 
finger  combinations  which  occurred  later  in  the  series  have  an 
advantage  by  this  fact,  due  to  the  practise  acquired  by  perform- 
ing the  experiment  with  other  finger  combinations.  The  order 
of  presentation  of  the  combinations  was  such  that  in  the  first 
half  of  the  total  number  of  trials,  there  were  used  approximately 
the  same  number  of  right  hand  combinations  as  left  hand  com- 
binations, and  about  twice  as  many  two-hand  combinations.. 
This  means  that  there  is  a  balanced  distribution  of  the  com- 
binations, so  that  the  greater  speed  of  the  right  hand  com- 
binations over  the  left,  or  the  greater  speed  of  the  fingers  of 
the  right  hand  over  those  of  the  left,  cannot  be  attributed  to 
this  factor  of  practise.  In  addition  four  of  the  subjects  were 
given  the  combinations  in  the  reverse  order  from  the  original 
four  subjects. 

A  study  in  practise  effect  was  carried  out  by  means  of  a  repeti- 
tion of  the  entire  45  combinations  by  one  subject  Ga.,  after  a 
period  of  a  few  days  rest.  The  result  was  that  in  both  speed 
and  accuracy  trial  II  give  an  increase  over  trial  I.  Table  X 
shows  the  relative  values  according  to  fingers,  for  the  two  trials. 

Table  X. 
Trials  I  and  II  for  subject  Ga.     (Trial  II  made  after  a  few  days  of  rest) 


Speed 

Accuracy 

Finger 

Trial  I 

Trial  II 

Trial  I 

Trial  II 

I 

40 

68 

92 

94 

2 

42 

66 

92 

95 

3 

37 

72 

93 

95 

4 

53 

84 

94 

96 

5 

42 

82 

95 

96 

6 

48 

78 

93 

95 

7 

39 

75 

95 

96 

8 

40 

80 

94 

95 

9 

42 

79 

93 

97 

0 

44 

85 

93 

95 

For  each  finger  there  is  a  decided  increase  after  the  period 
of  rest.  The  increase  in  speed  is  extremely  high.  The  increase 
in  accuracy  is  very  small,  but  the  fact  that  there  is  an  increase 
in  each  finger  when  the  values  representing  each  finger  are  de- 
rived from  averaging  1350  reactions,  makes  them  at  least  sig- 
nificant.    This  increase  may  be  in  part  explicable  in  terms  of 
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the  rest  period,  the  so-called  "setting"  of  the  habits  formed. 
It  is  exactly  comparable  to  that  which  we  find  in  the  case  of  type- 
writing, telegraphy  and  other  forms  of  learning  experiments. 
Cattell  also  concluded  that  after  an  interval  of  some  duration 
(three  months)  during  which  no  reactions  were  made,  his  sub- 
jects' times  became  in  general  shorter,  markedly  so  in  the  case  of 
choice  reactions. 

The  more  significant  facts  brought  out  by  the  data  obtained 
by  the  second  trial  of  Ga.  are  shown  upon  examination  of 
Graph  II.     In  both  trials  there  are  individual  finger  differences 


i23456>7        89      0 

Gbaph  II. — Practise  efiFects.    (On  basis  of  repetition  of  entire  series). 

and  the  general  shape  of  the  graph  is  the  same  for  both  trials. 
The  increase  is  a  little  more  in  the  case  of  some  fingers  than 
in  others,  however.  The  similiarity  on  the  basis  of  accuracy  is 
even  more  striking.  The  amount  of  practise  effect  may  vary 
with  the  respective  fingers.  It  is  not  the  purpose  of  this  work 
to  investigate  that  point,  but  it  is  likely  that  the  muscular  and 
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nervous  structure  of  the  separate  fingers  is  such  that  one  finger 
will  not  require  the  same  amount  of  practice  as  another  in  order 
to  obtain  a  uniform  increase  in  excellency  (speed  and  accuracy). 
This  particular  case  does  not  show  the  marked  difference  be- 
tween fingers  in  either  trial,  but  this  was  characteristic  of  the 
results  of  Ga's  work  throughout.  As  was  mentioned  earlier, 
Ga's  training  had  been  such  as  to  reduce  the  difference  between 
fingers  which  inherently  exists,  and  in  addition  was  a  member  of 
a  family  in  which  there  were  several  left-handed  members  and 
others  who  showed  a  tendency  towards  ambidexterity. 

IndividtuU  Differences. — Not  only  between  the  fingers  of  a 
given  individual  do  we  find  differences,  but  also  in  the  total  speed 
or  accuracy  that  individuals  may  attain  regardless  of  the  fingers 
used.    These  results  are  best  shown  in  Table  XI  and  Table  XII. 

Table  XI. 

Differences  between  Individuals 
(Speed) 


Subject 


We 
Wo 
Mu 
Ga 
Mi 
Ak 


Highest  percent 
attained 


94  {^) 
81  (79) 
"  (68) 
7  (40) 
97  (50) 
96  (58) 


Lowest  percent 
attained 


17  (29) 

25  (35,78) 

28  (35) 

53  (45) 


Average  of 
all  6750 
reactions 


64 
33 
62 

l\ 

82 


Table  XII. 

Difference  between  Individuals 
(Accuracy) 


Average  of 

Subject 

Highest  percent 

Lowest  percent 

all  6750 

attained 

attained 

reactions 

We 

96  (26) 

giS! 

89 

Wo 

99  (,46) 

92 

Mu 

99  (,28,68,89) 

61     (45) 

91 

Ga 

99  <6o) 

90    (12) 

n 

Mi 

95  (37,39,60) 

77  (45) 

Ak 

100  (56) 

87  (45) 

* 

The  number  in  parenthesis  indicates  the  finger  combination  used  when 
the  given  score  was  attained. 
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Graph  III. — Individual  Differences  in  Total  Achievement 

In  addition  to  the  preceding  records  there  are  the  records  for 
subject  Go.  Go  was  given  the  first  fifteen  combinations  with 
the  time  set  at  400  sigmas.  Practically  no  slow  responses  were 
recorded,  so  that  an  entire  new  series  was  begun,  leaving  the 
15  that  had  been  performed  previously,  until  the  last  of  the  set 
of  forty-five  combinations.  The  time  used  for  this  series  was 
300  sigmas.  This  meant  that  his  average  reaction  time  was 
enough  faster  than  400  sigmas  to  allow  even  the  slower  reactions 
to  come  above  the  400-sigma  limit.  The  records  taken  from 
the  300-sigma  series  show  the  following: 

Speed  Accuracy 

Highest  percent  attained  72  (47)  93  (19) 

Lowest  percent  attained 7  (14)  63  (90) 

Average  of  all  6750  reactions 31  84 

Numbers  in  parentheses  indicate  finger  combinations. 

It  is  certain  that  Go.  was  the  fastest  of  the  seven  subjects 
here  compared.  It  is  also  likely  that  his  reactions  are  the  most 
accurate,  although  there  is  no  direct  method  of  comparison. 
However,  92.6%  accuracy  with  a  300-sigma  time  limit,  is  per- 
haps a  better  result  than  those  higher  figures  with  the  400- 
sigma  time  limit.  It  does  not  follow,  however,  that  the  person 
who  is  the  fastest,  is  also  the  most  accurate.  On  the  basis  of 
the  six  subjects  whose  conditions  are  the  same,  the  fastest  sub- 
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ject,  Ak,  is  also  the  most  accurate,  but  a  correlation  of  the  rel- 
ative positions  of  the  six  subjects  in  speed  and  accuracy  gives 
a  correlation  of  but  .09.  Within  certain  limits  the  opposite  is 
true.  The  more  time  taken  in  making  the  responses  the  more 
accurate  they  are  likely  to  be. 

There  is  a  considerable  difference  between  individuals  in 
respect  to  the  amount  of  variation  from  one  combination  to 
another.  In  speed,  the  variation  ranges  from  43  (subject  Ak) 
to  81  (subjects  We  and  Mu).  By  this  is  meant  the  difference 
between  the  lowest  and  highest  speeds  for  the  subjects  indicated. 
In  accuracy  the  variation  or  range  is  from  9  (subject  Ga)  to  38 
(subject  Mu).  With  one  exception,  the  highest  speed  was  ob- 
tained when  using  the  two  hands,  i.e.,  one  finger  on  the  left  hand 
and  one  on  the  right  hand.  The  lowest  speed  was  obtained  by 
three  subjects  when  using  the  combination  35,  and  by  another 
when  using  the  combination  45,  both  of  which  are  left  hand 
combinations  involving  the  thumb.  Likewise  the  greatest 
accuracy  was  obtained  in  every  case  when  a  combination  in- 
volving both  hands  or  two  fingers  on  the  right  hand  was  used. 
The  lowest  accuracy  was  attained  with  the  combination  45  by 
four  of  the  six  subjects  and  with  combination  12  by  another. 

The  difference  between  individuals  can  best  be  explained  on 
the  basis  of  the  individual  differences  in  reaction  tme.  This  is 
due  in  part  to  individual  differences  in  anatomical  and  nervous 
structure.  Evidence  here  is  chiefly  theoretical  and  by  analogy, 
but  the  number  of  fibres  in  various  muscles  involved  varies  some- 
what from  individual  to  individual.  Moreover  the  training  of 
each  subject  has  been  unique.  The  daily  practises  of  no  two  in- 
dividuals are  exactly  alike.  Consequently  each  has  developed 
certain  muscles,  as  well  as  certain  pathways,  for  his  own 
individual  responses. 

This  fact  is  evident  in  a  comparison  of  the  results  of  those 
subjects  whom  we  might  designate  as  trained  and  those  ui}- 
trained.  Ga  and  Ak  are  the  two  pianists  of  the  group  and  their 
results  show  that  the  fingers  of  the  practised  individuals  tend  to 
become  more  nearly  imiform  in  both  speed  and  accuracy.  There 
is  less  range  of  score  on  the  basis  of  fingers.     (Table  II  and 
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Table  III).  There  is  less  difference  between  hands  and  between 
fingers.  We  hear  much  talk  among  teachers  of  piano  technique 
about  developing  the  speed  of  the  two  hands  to  the  same 
interval,  particularly  in  the  two-finger  and  two-hand  movements 
used  in  chords.  Nevertheless,  there  has  been  but  slight  de- 
velopment of  exercises  directed  toward  strengthening  the 
Isi&gi^g  fingers.  Little  has  been  known  of  the  actual  finger 
diflFerences,  and  methods  of  technique  have  not  been  advanced 
from  this  angle. 

Conclusions 

Briefly  stated,  the  results  of  these  experiments,  which  include 
some  70,000  reactions,  under  as  uniform  conditions  as  possible, 
justify  the  following  conclusions : 

1.  There  are  measurable  differences  between  the  reactions  of 
the  several  fingers,  first  on  the  basis  of  speed  and  second  on  the 
basis  of  accuracy. 

2.  The  fingers  of  the  right  hand  (at  least  in  right-handed 
people)  are  on  the  average  faster  than  the  fingers  of  the  left 
hand.  The  fingers  of  the  right  hand  also  excel  in  accuracy, 
but  the  differences  in  this  respect  are  slight. 

3.  The  finger  with  which  a  given  finger  reacts  effects  the 
speed  of  the  given  finger.  In  other  words,  finger  2,  for  example, 
reacts  faster  when  the  other  finger  of  the  combination  is  finger  7, 
than  with  any  other  finger.  The  effect  of  the  combination  upon 
the  reaction  time  of  the  given  finger  is  relatively  uniform  for 
the  different  subjects.  Anatomical  structure  and  common  de- 
velopments due  to  habits  of  life  are  probable  explanations  for 
this  similarity. 

4.  Two-finger  reactions,  at  least  where  there  is  double 
stimulation  and  double  reaction,  are  faster  than  single-finger 
reactions,  and  are  also  more  accurate. 

5.  Two-hand  combinations,  i.e.,  those  in  which  one  finger  is 
on  the  left  hand  and  the  other  on  the  right,  give  faster  reaction 
times  than  those  combinations  in  which  both  fingers  are  on  the 
same  hand.     Of  the  twenty  combinations,   (out  of  the  whole 
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forty-five)  that  are  the  fastest  in  reaction  time,  68  percent  of 
them  are  two-hand  combinations,  26  percent  are  right-hand 
combinations,  while  only  6  percent  are  left-hand  combinations. 
In  opposition  to  the  assertion  of  Fere,  these  results  justify  the 
conclusion  that  two-hand  reactions  are  the  fastest,  right-hand 
reactions  second  and  left-hand  reactions  slowest  of  all,  when 
double  reactions  are  concerned. 

6.  Practise  increases  the  speed  and  accuracy  of  all  the 
fingers.  It  tends  to  increase  some  more  than  others,  thus 
lessening  the  difference  between  fingers.  However,  after  a 
second  performance  of  the  entire  forty-five  combinations,  finger 
dflFerences  are  still  found,  sitmlar  to  those  originally  present. 

7.  Individuals  differ,  both  in  speed  and  accuracy.  There  are 
some  individuals  who,  with  unlimited  practise  will  not  attain 
the  speed  and  accuracy  which  some  others  show  at  the  initial 
trial.  With  very  few  exceptions,  subjects  agree  that  greatest 
speed  is  obtained  when  using  two  hands,  i.e.,  one  finger  on  each, 
and  the  lowest  speed  is  obtained  when  both  fingers  used  are 
members  of  the  left  hand.  The  same  is  true  for  accuracy. 
Trained  subjects,  those  having  a  considerable  amount  of  piano 
or  other  similar  practise,  show  less  difference  between  fingers 
than  do  the  untrained  subjects. 
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I.    INTRODUCTION 

In  studying  the  responses  of  a  sense  organ  it  is  often  useful  to 
compare  them  with  the  responses  of  physical  instrtunents.  In  this 
way  not  only  definite  and  tangible  direction  is  given  to  the 
study  but  the  results  obtained  are  related  to  principles  already 
well  worked  out.  It  has  been  the  writer's  ptupose  to  approach 
the  present  study,  so  far  as  possible,  from  that  point  of  view. 
The  eye,  for  example,  shows  a  certain  similarity  in  its  responses 
to  well  known  physical  recording  instruments ;  one  of  the  points 
of  similarity  is  a  well  marked  inertia  of  response.  This  is  exem- 
plified in  the  lag  which  is  experienced  in  the  rise  of  sensation 
when  the  stimulus  is  applied  and  a  persistence  of  sensation  after 
the  stimulus  is  removed.  Both  of  these  phenomena  are  of  great 
importance  to  laboratory  technique  and  both  should  be  made  the 
subject  of  more  careful  investigation  if  the  eye  is  to  be  used 
with  satisfactory  results  in  various  phases  of  laboratory  work. 

When  the  eye  is  used  as  a  measuring  instrument  it  becomes 
especially  important  to  know  its  characteristics  and  peculiarities 
of  response.  The  chief  use  of  the  eye  as  a  measuring  instru- 
ment, so  far  as  the  response  which  we  call  visual  sensation  is 
concerned,  is  found  in  photometry.  In  photometry  a  balance  or 
equality  of  two  light  intensities  is  established  by  the  eye  at  a 
given  point  or  place,  namely,  the  photometric  screen.*    In  estab- 

^  This  balance,  it  is  scarcely  needful  to  point  out,  is  not  in  terms  of  amount 
of  energy  of  light  falling  on  the  screen,  but  in  terms  of  the  power  to  arouse 
sensation.  This  use  of  the  eye  in  making  a  balance  between  two  light  intensi- 
ties has  often  been  likened  to  that  of  a  potentiometer  or  galvanometer  in 
establishing  a  balance  of  potential  in  an  electric  circuit  by  the  null  method. 
(See  H.  £.  Ives,  Transactions  of  the  Illuminating  Engineering  Society,  191 5, 
X,  p.  103).  The  analogy,  however,  is  scarcely  apt  In  establishing  a  balance 
of  potential  in  an  electric  circuit  the  galvanometer,  for  example,  indicates  the 
balance  by  giving  no  response,  i,e.,  it  is  used  in  the  null  method.  The  ad- 
joining areas  of  the  retina  receiving  the  light  from  the  i^tometric  screen 
indicate  the  balance,  however,  by  giving  equal  responses.  That  is,  the  balance 
obtained  could  be  more  accurately  compared  to  the  responses  obtained  in 
two  similar  electric  circuits  by  two  galvanometers  of  approximately  the  same 
construction,  giving  equal  deflections.  A  still  closer  analogy  may  be  found 
in  the  case  of  two  similar  radiometric  instruments  which  give  equal  responses. 
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lishing  this  balance  in  photometry  (a)  the  eye  is  called  upon  to 
respcmd  to  a  wide  range  of  specific  stimuli,  and  (b)  its  response 
to  these  stimuli  is  selective  both  in  regard  to  wave-length  and  to 
intensity.  That  is,  the  amount  of  response  to  a  given  amount 
of  energy  is  different  for  the  different  wave-lengths  of  light  and 
the  amotmt  of  difference  varies  with  the  intensity  as  well  as  with 
the  wave-length  of  light.  Moreover,  with  regard  to  both  of 
these  points  selectiveness  is  shown  not  only  in  the  time  required 
to  arouse  the  maximum  of  response  but  in  the  rate  of  rise  to 
the  maximum  or  in  the  lag. 

This  brief  introductory  statement  will  probably  be  sufiicient  to 
indicate  hoW  important  it  is  in  evaluating  or  choosing  methods 
of  establishing  the  photometric  balance  or  in  passing  on  results 
in  any  field  in  which  the  response  of  the  eye  plays  a  considerable 
role  to  know  in  detail  the  characteristics  of  the  eye  as  a  recording 
instrument.  It  is  with  the  more  careful  determination  of  one 
of  these  characteristics,  namely  the  rate  of  rise  of  the  response 
to  the  maximum  for  the  different  wave-lengths  of  light  that  this 
investigation  is  concerned.  Accurate  knowledge  of  this  point  has 
not  only  a  strong  claim  on  scientific  interest  in  its  own  right  but 
it  is  of  fundamental  importance  to  a  decision  with  regard  to  the 
correctness  of  the  balance  obtained  by  a  method  which  is  at  pres- 
ent much  used  in  the  photometry  of  lights  differing  in  color  value, 
namely  a  method  first  described  by  Ogden  Rood,  and  called  by 
him  the  method  of  flicker.*    Equally  important  also  is  its  bearing 

2  The  method  of  flicker  belongs  to  the  class  of  indirect  methods  and  at 
first  was  little  recognized,  because  the  sensation  principles  upon  which  it  is 
based  were  not  understood.  Of  late,  however,  a  growing  tendency  has  been 
shown  to  adopt  the  method  both  in  the  field  and  in  the  more  i>recise  work 
of  the  laboratory  for  the  photometering  of  lights  differing  in  color  value. 
This  has  not  been  because  of  any  scientific  demonstration  of  the  sound- 
ness of  the  principle  on  which  the  method  is  based,  but  on  account  of  the  high- 
er sensitivity  and  precision  when  the  lights  employed  differ  widely  in  color  val- 
ue than  is  provided  by  the  older  and  better  established  method.  Space  cannot 
be  taken  here  to  show  the  connection  whidh  the  difference  in  the  lag  of  eye's 
response  to  different  wave-lengths  has  on  the  correctness  of  the  balance 
established  by  this  method.  We  may  quote  briefly,  however,  from  a  dis- 
cussion of  this  point.  "Points  are  enumerated  in  the  paper  appended  which 
raise  doubt  with  regard  to  the  correctness  of  the  photometric  balance  ob- 
tained by  the  method  of  flicker.    Only  one  of  these  is  discussed,  namely,  the 
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on  the  method  of  critical  frequencies,  and  on  the  Talbot-Plateau 
taw,  and  in  fact  on  all  the  phenomena  arising  from  giving  to  the 
eye  in  succession  light  impressions  of  shorter  duration  than  is 
required  for  the  sensation  to  rise  to  its  maximum.' 

The  problem  of  determining  the  inertia  of  response  of  the  eye 
to  different  wave-lengths  of  light  presents  many  points  of  inter- 
influence  of  the  titne  element  in  the  exposure  of  the  eye  to  the  lights  to 
be  compared.  With  regard  to  this  point,  it  is  shown  from  experimental  daU 
(i)  that  the  sensations  aroused  by  lights  differing  in  color  value  rise  to  their 
maximum  brightness  at  different  rates;  and  (2)  that  the  single  exposures 
used  in  the  mediod  of  flicker  are  mudi  shorter  than  is  reqmred  for  these 
sensations  to  rise  to  their  full  value.  The  eye,  therefore,  is  very  much  under- 
exposed to  its  stimulus  by  the  method  of  flkker.  That  is,  the  rate  of  succes- 
sion used  in  the  method  of  flicker  is  too  fast  for  the  single  impressions  to 
arouse  their  maximum  effect  in  sensation  and  too  slow  for  the  successive 
impressions  to  add  or  summate  as  much  as  they  would  need  to  do  to  rise 
to  their  full  value  or  perhaps  oven  to  a  higher  value  than  would  be  given  by 
the  individual  exposures.  Only  one  other  possibility  for  a  correct  balance 
remains,— equality  is  attained  at  some  value  lower  than  the  full  value.  This 
can  not  be  assumed,  however,  without  violating  well-known  laws  relating  to 
the  factors  which  influence  persistence  of  vision. 

''The  principal  point  of  discussion,  then,  is  to  what  degree  it  should  be 
held  that  the  difference  in  lag  between  the  sensations  aroused  by  the  single 
exposures  used  in  the  method  of  flicker  is  obliterated  in  a  succssion  of  ex- 
posures. Broadly  considered,  three  positions  are  possible  with  regard  to  the 
point  for  the  rates  of  succession  that  are  employed  in  the  method  of  flicker, 
(i)  The  difference  is  not  cfeliterated  at  all.  In  this  case  the  photometric  bal- 
ance should  deviate  from  the  true  balance  in  direct  proportion  to  the  differ- 
ence in  lag  for  the  single  exposures.  (2)  The  difference  is  in  part  obliterated, 
but  it  is  still  present  to  a  degree  which  renders  the  method,  untenable  for  pre- 
cise work.  And  (3)  the  difference  is  entirely  obliterated  or  so  nearly  so  as 
to  be  of  no  practical  consequence  to  the  validity  of  the  method.  The  second 
is  approximately  the  position  taken  in  this  paper.  The  following  evidence 
is  offered  in  support  of  this  position."  (C.  E.  Ferree  and  G.  Rand :  A  Pre- 
liminary Study  of  the  Deficiencies  of  the  Method  of  Flicker  in  the  Photometry 
of  Lights  Differing  in  G>lor.    PsychoL  Rev.,  1915,  XXII,  pp.  1 10-163.) 

f  The  determination  of  the  time  required  for  sensation  to  rise  to  its  maxi- 
mum is  also  of  importance  in  determining  the  rate  of  signalling  in  case  the 
lights  are  required  to  be  seen  at  great  distances.  An  example  of  this  is  to  be 
found  in  the  rotating  and  intermittent  lights  used  in  light  houses.  To  have 
maximum  visibility  the  light  should  be  emitted  in  any  given  direction  just 
so  long  as  is  required  for  the  sensation  aroused  by  that  kind  of  light  to 
reach  its  maximum.  See  "The  Perception  of  Lights  of  Short  Duration  at 
their  Range  Limits."  Blondel  and  Rey,  Transactions  of  Illuminating  En- 
gineering Society,  1912,  7,  pp.  625-662. 


Digitized  by 


Google 


% 
1 


4  MARION  A.  BILLS 

est.  Not  all  of  these  can  be  taken  up  in  the  present  investiga- 
tion. It  is,  in  fact,  the  purpose  of  the  writer  to  make  this  in- 
vestigation only  the  initial  study  of  a  series  in  which  the  field 
will  be  developed  from  several  points  of  view.  As  indicated 
above,  the  present  study  has  received  its  direction  largely  from 
current  issues  in  heterochromatic  photometry.  Because  of  this 
the  following  features  will  be  observed  in  making  the  investiga- 
tion, (a)  The  determination  will  be  made  only  in  terms  of  the 
achromatic  or  brightness  aspect  of  the  sensation,  (b)  The  lights 
used  will  be  made  photometrically  equal.  This,  it  is  obvious,  is 
essential  to  the  bearing  of  the  investigation  on  the  problem  of 
photometry,  for  the  end  point  of  the  photometric  observation  is 
equality.  The  photometric  specifications,  however,  will  be  sup- 
plemented by  radiometric  specifications.  And  (c)  the  determina- 
tions will  be  made  for  intensities  of  light  selected  as  far  as  pos- 
sible with  reference  to  the  photometric  problem  tmder  consider- 
ation. 

This  being  the  initial  study  in  a  series,  the  testing  and  devising 
of  methods  will  be  made  an  important  feature  of  the  work.  Up 
to  this  time  little  if  any  systematic  attention  has  been  given  by 
the  individual  investigators,  to  a  comparative  study  of  methods 
nor  has  the  control  or  specification  of  conditions  been  such  that 
it  is  possible  to  make  this  comparison  from  the  published  work. 
The  following  points  may  be  noted  with  regard  to  the  work  that 
has  already  been  done: 

(i)  While  a  number  of  investigators  have  made  the  determi- 
nations no  two  have  used  methods  which  are  the  same  in  all  of 
the  essential  details.  This  has  been  more  nearly  done  with  the 
direct  methods  but  in  these  cases  no  comparison  can  be  made  of 
the  results  obtained  because  of  the  disparity  in  the  experimental 
technique  used,  and  in  the  intensity  and  composition  of  the  lights 
employed. 

(2)  No  systematic  attempt  has  been  made  at  an  equalization 
of  light  intensities,  either  photometric  or  radiometric  and  rarely 
has  even  an  attempt  been  made  at  an  adequate  specification  of 
the  light  employed. 

(3)  Some  have  made  the  determination  in  terms  of  the  achro- 
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matic  aspect  of  the  sensation  alone,  some  in  terms  of  the  chro- 
matic aspect  and  some  have  made  both  aspects  the  object  of  each 
judgment.    Others  have  made  no  distinction  in  the  two  a^)ects. 

(4)  In  two  cases  only  have  lights  of  spectrum  purity  been 
used;  in  the  remaining  cases  no  attempt  has  been  made  to  give 
either  a  spectro-photometric  or  a  spectro-radiometric  specifica- 
tion of  the  lights  employed.  Of  the  two  cases  in  which  the 
stimuli  were  chosen  from  the  spectrum,  a  specification  in  terms 
of  wave-lengths  was  given  in  one  case;  in  the  other  case  the  part 
of  the  spectrum  used  was  roughly  indicated  in  terms  of  the  color 
of  the  sensation  aroused. 

And  (5)  in  most  cases  no  attempt  has  been  made  to  determine 
more  than  the  time  required  for  the  sensation  to  reach  its  maxi- 
mum, nor  were  the  methods  employed  devised  with  any  other 
object  in  view.  Our  own  investigation,  determined  partly  by 
the  present  status  of  the  problem,  partly  by  the  special  purpose 
stated  above,  will  comprise  the  following  features :  (a)  An  ap- 
paratus will  be  employed  which  makes  it  possible  to  present  the 
stimuli  to  the  eye  in  the  way  that  is  required  by  each  of  the 
methods  that  have  been  used  by  previous  investigators.  Thus 
a  comparison  of  the  results  obtained  by  the  different  methods  is 
not  prevented  by  a  disparity  of  experimental  technique.  Also  by 
means  of  this  apparatus  not  only  may  the  lights  be  taken  from  a 
narrow  region  of  the  spectrum  but  the  amount  used  may  be  speci- 
fied both  photometrically  and  radiometrically.  (b)  An  attempt 
will  be  made  to  use  each  of  the  older  methods  with  the  same 
observer.  Also  the  same  amounts  and  composition  of  light,  will 
be  used,  and  the  general  experimental  conditions  maintained,  so 
that  the  results  obtained  by  the  different  methods  may  be  com- 
pared. And  (c)  three  new  methods  will  be  employed  each  of 
which  will  make  it  possible  directly  to  compare  tiie  different 
rates  of  rise  of  the  sensation  toward  their  maximum  value,  as 
well  as  to  determine  the  maximum  value  itself. 
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II.    HISTORICAL  AND  CRITICAL 

As  early  as  the  time  of  BaccMi  it  was  noted  that  there  is  an 
inertia  or  lag  in  the  response  of  the  eye  to  light 

"At  in  visu  (cujus  actio  est  pemicissima)  liquet  etiam  requiri 
ad  eum  actuandum  momenta  certa  temporis:  idque  probatur  ex 
iis,  quae  propter  motus  velocitatem  non  cemuntur ;  ut  ex  latione 
pilae  ex  sclopeto.  Vdocior  enim  est  praetervolatio  pilae,  quam 
impressio  speciei  ejus  quae  deferri  poterat  ad  visum."* 
Beudant*^  states  that  an  object  which  moves  with  extreme  ra- 
pidity before  the  eye  is  not  perceived  because  sensory  impressions 
are  not  made  on  the  eye  instantly.  Plateau*  made  the  observa- 
tion that  when  a  square  of  white  paper  is  passed  rapidly  before 
the  eye  it  appears  not  wWe  but  gray.  He  was  also  the  first  to 
express  the  belief  that  color  sensation  does  not  come  at  once  to 
its  maximum.  Swan^  noticed  "that  the  light  of  the  sky  seen 
immediately  over  a  ball  in  its  descent  through  the  air,  seemed 
less  bright  than  at  those  parts  of  the  retina  where  the  action  of 
light  had  not  been  interrupted  by  the  passage  of  the  dark  body." 
He  conducted  some  experiments  also  to  determine  the  intensity 
of  light  sensation  with  short  exposures.  Subjecting  the  eye  to 
the  action  of  lights  of  different  intensities  for  intervals  ranging 
from  i/ioo  to  1/16  of  a  second,  he  found  that  "colorless  lights 
of  different  intensities  produce  like  proportions  of  their  total 
effect  on  the  eye  in  equal  times."  He  did  not  directly  determine 
the  interval  required  for  the  light  sensation  to  come  to  its  maxi- 
mum, but  he  estimated  it  from  the  results  of  his  experiments 
with  short  exposures  to  be  about  i/io  of  a  second.  The  task 
of  experimentally  determining  the  interval  required  for  the  sen- 
sation to  come  to  its  maximum  was  not  begun,  in  fact,  until  1868 

^  Novum  Organum,  171 1  lib.  iL  Aph.  xlvi. 

*  Essai  d'un  Cours  Elemcntaire  et  Genial  des  Sciences  Physiques ;  Partie 
Physique,  181 5,  p.  480  de  !a  3  me  edition. 

^  Nouveaux  Memories  de  TAcademie  Royale  des  Sciences  et  Belles  Lettres 
de  Bruxelles,  1834,  viii,  p.  53. 

^  Trans.  Roy.  See.  Edirib.,  1849,  XVI,  pp.  581-603. 
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when  Exner,  working  in  the  laboratory  of  Helmholtz,  definitely 
formulated  the  problem  and  proposed  a  method  for  its  solution. 
In  the  work  thus  inaugurated  two  classes  of  methods  have  been 
employed,  the  direct  and  the  indirect.  Although  simpler  in  form 
the  direct  methods  have  been  the  later  to  be  used  in  making  the 
determination.  The  principles  on  which  these  methods  are  based, 
were  first  employed  in  a  crude  form  by  Swan  in  1849  in  his  ex- 
periments on  the  effect  on  the  eye  of  short  exposures  of  light. 
They  were  not  developed  and  s^plied  to  the  more  specific  prob- 
lem, however,  until  a  half  century  later,  by  which  time  most  of 
the  work  with  the  indirect  methods  had  been  completed.  In  the 
order  of  development,  then,  the  indirect  methods  came  first.  In 
the  presentation  here,  however,  this  order  will  be  reversed  and 
the  direct  methods  will  be  considered  first.  This  will  be  done  for 
two  reasons,  (a)  because  the  direct  methods  logically  precede  the 
indirect,  and  (b)  because  it  will  be  easier  to  understand  why  the 
indirect  methods  have  been  resorted  to  when  the  difficulties  at- 
tending the  application  of  the  direct  methods  are  made  dear. 

A.  The  Direct  Methods,  A  direct  method  was  first  applied  to 
the  determination  of  the  time  required  for  a  sensation  to  come 
to  its  maximum  by  Charpentier  in  1887.  Direct  methods  were 
later  used  by  Broca  and  Sulzer  in  1903,  by  Buchner  in  1906,  and 
by  Berliner  in  1907.  In  the  presentation  of  the  work  of  these 
men,  the  chronological  order  will  again  be  deviated  from  and  the 
work  of  Broca  and  Sulzer  will  be  considered  first.  This  is  done 
because  the  fundamental  principles  upon  which  the  direct  meth- 
ods are  based,  can  be  presented  and  discussed  more  conveniently 
and  comprehensively  from  their  work  as  a  basis  than  from  the 
work  of  their  predecessors.  The  reasons  which  may  be  offered 
for  this  are:  (a)  although  these  methods  all  sustain  a  dose 
logical  relation  to  the  standard  method  of  photometry,  namely, 
the  equality  of  brightness  method,  Broca  and  Sulzer  have  devi- 
ated the  least  from  the  tjrpe  in  the  development  of  the  method 
and  in  its  application  to  the  detection  of  lag;  and,  (b)  not  only 
have  they  used  the  equality  of  brightness  method  more  correctly 
than  their  predecessors,  but  they  have  attacked  their  problem 
much  more  systematically  and  have  used  better  methods  of 
physical  control. 
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(i)  Broca  and  Sulser.  As  used  by  Broca  and  Sulzer  in  1903 
the  method  is  as  follows.  Two  surfaces  were  illuminated  by  the 
light,  the  effect  of  which  on  sensation  for  different  lengths  of  ex- 
posure time  was  to  be  determined.  One  of  these  surfaces  was 
chosen  as  the  standard  and  the  other  was  compared  with  it,  in  a 
series  of  judgments  of  equality.  Before  beginning  each  experi- 
mental series  the  two  surfaces  were  made  of  equal  brightness  and 
the  photometric  value  of  the  equal  illumination  was  determined. 
During  the  series  of  judgments  the  standard  surface  was  illumi- 
nated continuously  and  the  comparison  surface  for  .01,  .02,  .03, 
etc.  seconds,  according  to  the  needs  of  the  proUem.  With  each 
change  in  the  time  of  illumination  of  the  comparison  surface  the 
intensity  of  light  on  the  standard  surface  was  altered  until  the 
two  were  judged  of  equal  brightness.  The  photometric  value  of 
the  light  falling  on  the  standard  surface  was  determined  in  each 
case  and  this  was  taken  as  the  sensation  value  of  the  comparison 
light  for  the  length  of  exposure  used.  From  the  experiments 
thus  conducted  a  series  of  photometric  values  was  obtained,  for 
different  intervals  of  exposure  to  the  comparison  light.  These 
values  were  plotted  in  the  form  of  a  curve  which  was  believed 
by  Broca  and  Sulzer  to  show  the  rate  of  rise  of  the  sensation  to 
the  maximum  as  well  as  the  maximum  itself. 

While  the  method  is  commendable  in  its  simplicity  and  is  of  a 
type  that  would  naturally  appeal  to  the  photometrist  it  is  open 
to  two  serious  criticisms.  ( i )  The  attempt  to  rate  sensation  for 
comparative  purposes  in  terms  of  photometric  units  is,  it  is  ob- 
vious, fundamentally  wrong.  For  example,  a  foot-candle  may 
be  defined  as  the  amount  of  light  falling  on  a  unit  surface  at  a 
distance  of  one  foot  from  a  standard  candle  or  a  lumen  on  a 
square  foot;  the  amount  falling  on  a  similar  unit  of  surface  at 
a  distance  of  one-half  foot  from  the  standard  candle  would  then 
be  four  foot  candles.  Rated  in  photometric  units  the  illumina- 
tions of  the  two  surfaces  would  sustain  to  each  other  the  ratio 
of  4:1.  The  sensations  aroused  by  the  two  surfaces  cannot, 
however,  be  said  to  sustain  the  ratio  of  4:  i.  When  inspecting 
the  curves  of  Broca  and  Sulzer,  therefore,  it  must  be  borne  in 
mind  that  the  plotting  is  done  in  terms  of  photometric  units  and 
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not  in  terms  of  sensation®  nor  even  in  just  noticeable  changes 
from  the  zero  of  sensation.  (2)  The  attempt  to  employ  un- 
modified the  photometric  method  to  determine  the  effect  on  the 
eye  of  short  exposures  to  the  comparison  light — ^all  differing  in 
value  from  each  other  and  from  the  exposures  to  the  standard 
light — is,  in  reality,  based  upon  a  grave  misconception  of  the  use 
of  the  eye  as  a  measuring  instrument.  In  photometry  neigh- 
boring surfaces  of  the  retina  are  exposed  to  the  standard  and 
comparison  lights.  These  two  surfaces,  as  already  stated,  may 
be  likened  roughly,  to  two  recording  instruments,  approximately 
identical  in  kind  and  capable  of  independent  response.  If  these 
two  lights  are  of  the  same  intensity  and  composition  and  are  ex- 
posed the  same  length  of  time,  the  same  responses  will  be  re- 
corded. If,  however,  the  exposure  be  for  different  lei^hs  of 
time,  different  responses  will  be  given.  Since  in  the  usual  prac- 
tice of  photometry  the  intervals  of  exposure  are  of  the  same 
length,  the  time  element,  so  far  as  the  essential  correctness  of 
the  balance  is  concerned,  may  be  ruled  out  of  consideration  and 
the  two  receiving  surfaces  may  be  used  to  equate  light  intensities 
at  the  photometric  screen  in  terms  of  their  power  to  arouse  sen- 
sation.* If,  however,  one  surface  were  exposed  longer  than  the 
other  as  is  the  case,  for  example,  in  the  determination  of  the  rise 
of  sensation,  the  two  surfaces  could  no  longer  be  used  for  this 
purpose,  unless  indeed  the  eye  were  calibrated  for  the  one  and  the 
response  to  the  other  were  rated  in  terms  of  the  calibrated  values. 

*  It  is  not  our  purpose  to  raise  here  the  mooted  question  whether  or  not  it 
is  possible  to  establish  a  unit  of  sensation.  We  would  prefer  rather  to  leave 
that  question  in  abeyance  and  to  make  our  expression  of  the  rise  of  sensa- 
tion in  terms  of  just  noticeable  changes  from  the  zero  Talue.  We  believe 
nothing  more  can  be  done  at  this  time  with  safety.  In  doing  this,  moreover, 
it  is  not  to  be  understood  that  we  are  subscribing  to  Fechner's  belief  that 
these  just  noticeable  changes,  as  sensation  quantities,  are  equal  in  value.  That 
question,  also,  is  left  entirely  open. 

^  This,  of  course,  is  strictly  true  only  when  the  lights  compared  are  of  the 
same  composition.  It  cannot  be  said,  for  example,  that  a  balance  made  for 
lights  differing  in  composition  would  hold  for  any  other  intervals  of  exposures 
than  the  ones  used,  even  though  the  intervals  are  equal.  That  is,  sensations 
aroused  by  lights  of  different  composition  neither  rise  nor  decay  at  the  same 
rate,  hence  an  equality  value  between  such  lights  is  valid  only  for  the  interval 
of  time  used. 
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But,  it  may  be  said  that  in  the  determination  of  lag,  the  prob- 
lem is  not  the  equalization  of  light  intensities,  which  demands 
that  the  lights  compared  act  on  the  eye  for  equal  lengths  of  time 
or  that  a  calibration  or  correction  factor  be  applied.  There  is 
no  attempt  in  this  determination  at  an  evaluation  of  a  stimulus 
by  means  of  the  eye.  The  problem  ends  with  the  matching  of 
the  standard  and  comparison  sensations.  These  considerations 
render  it  none  the  less  necessary,  however,  that  if  the  comparison 
sensations  are  to  be  rated  from  minimum  to  maximum  value 
the  variable  influence  of  the  time  element  on  the  standard  sen- 
sations must  be  eliminated  from  the  experiment.  The  method 
must  provide  a  series  of  representative  -standard  sensations 
graded  in  brightness  to  which  to  match  the  comparison  sensa- 
tions for  the  different  intervals  of  time.  In  the  failure  to  pro- 
vide such  a  series  as  a  standard,  lies  the  weakness  of  the  method 
so  far  as  it  has  been  developed  up  to  the  present  time.  The 
failure  of  Broca  and  Sulzer  to  establish  this  standard  depends  in 
part  at  least  upon  their  misconception  of  the  temporal  course  of 
sensation  after  it  has  reached  the  maximum.  In  preliminary 
observations  they  had  found  that  sen^tion  rises  to  a  maximum, 
then  ior  a  very  brief  space  of  time  decreases  in  value.  They 
did  not,  however,  carry  the  observation  far  enough  to  learn  that 
this  decay  continues  and  although  it  takes  place  more  slowly  is 
just  as  characteristic  of  the  temporal  course  of  sensation  as  is 
lag.  They  assumed  that  there  is  a  permanent  level  of  sensation, 
and  that  the  maximum  is  in  reality  an  over-shooting  of  this 
level.  The  permanent  level,  they  believe,  is  attained  in  about 
two  seconds,  hence  any  exposure  of  the  eye  to  the  stimulus  for 
two  seconds  or  longer  guarantees  a  constant  response  in  sensa- 
tion. The  sensation  from  the  standard  light  could  then,  they 
believed,  be  graded  in  terms  of  the  stimulus  and  all  that  was  re- 
quired in  the  problem  of  determination  of  lag  was  to  expose  the 
comparison  light  for  the  required  interval  and  find  that  inten- 
sity of  standard  light  which,  when  exposed  two  seconds  or  more, 
would  give  a  sensation  matching  in  brightness  the  sensation  given 
by  the  comparison  light.  Indeed,  so  sure  were  they  of  the  per- 
manency of  the  sensation  after  two  seconds  of  exposure  to  the 
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stimulus  that  they  made  no  attempt  to  have  the  intervals  of  ex- 
posure equal  in  the  several  cases.  The  only  i:equirement  was 
that  these  intervals  be  equal  to  or  longer  than  two  seconds. 

In  detail  the  application  of  the  methods  was  as  follows.  De- 
terminations were  made  for  white  light  and  for  the  colors  red, 
green,  and  blue.  In  the  work  with  white  light  the  following 
apparatus  and  method  for  making  the  exposure  was  used.**^    A 


FiGUSE   I 

white  card  A  was  illuminated  by  a  lamp  B,  enclosed  in  a  lamp- 
house.  This  lamp-house  was  provided  in  front  with  a  "Blondel" 
diaphragm  D  to  regulate  the  amount  of  light  emitted.  The  light 
reflected  from  A  is  focused  by  means  of  a  lens  d,  on  an  episko- 
tister  E.  Spreading  from  this  image  the  light  is  again  focused 
on  an  opening  Pi,  in  a  screen.  On  this  screen  adjacent  to  Pi,  is 
fastened  a  cardboard  P2,  having  the  same  coefficient  of  reflection 
as  A  and  of  the  same  size  as  Pi.  This  is  illuminated  by  a  sec- 
ond lamp  B2  provided  with  a  housing  and  a  Blondel  diaphragm 
similar  to  Bi.  Pa  is  made  the  standard  surface  and  Pi  the  com- 
parison surface.  The  length  of  time  Pi  is  illuminated  is  con- 
trolled by  the  size  of  the  open  sector  in  E.  This  open  sector 
was  rotated  at  a  rate  which  allowed  an  interval  of  one  second** 

i^See  ''Les  fonctions  retiniennes  en  fonction  du  temps,"  Annalcs  d'Oculis- 
tiqnc,  1904,  131.  p.  107. 

^^It  is  questionable,  of  course,  whether  the  same  value  per  exposure  is 
given  to  sensation  by  a  succession  of  exposures  separated  by  an  Interval  of 
one  second  as  is  given  by  a  single  exposure.  Broca  and  Sulzer's  own  re- 
sults seem  to  indicate  that  there  is  not  the  same  effect  For  example,  they 
say  that  when  the  exposures  are  one  second  apart  the  sensation  aroused 
by  the  first  is  not  so  bright  as  for  the  succeeding  exposures ;  also  that  when 
a  longer  interval  is  used  between  exposures,  the  sensations  aroused  are  not 
so  bright,  until  quite  a  number  of  impressions  have  been  made,  as  they  are 
when  the  interval,  one  second,  is  used.  Both  of  these  statements  seem  to 
indicate  that  a  summation  effect  of  one  impression  upon  the  other  was  present. 
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to  elapse  between  the  successive  exposures.     Pi  and  Pa  were 
viewed  through  a  tube  C. 

In  the  work  with  colored  light  a  different  apparatus  was  used, 
although  the  principle  of  experimentation  was  the  same.**    In 

^i 2: ^j^ 


Figure  II 

general  this  consists  of  a  source  of  Light  L  (acetylene)  and 
two  identical  optical  systems,  one  of  which  is  made  up  of  mir- 
rors Ml  and  Ma,  a  lens,  and  the  total  reflecting  prism  abc;  the 
other,  of  the  mirrors  Mi*  and  Mj*,  a  lens  and  the  total  reflecting 
prism  a'  b  c'.  The  first  of  these  gives  the  comparison  light  to 
the  eye;  the  second  the  standard  light.  At  E  is  an  episkotister 
on  which  the  light  reflected  from  the  mirror  M2  is  focused.  By 
means  of  this  episkotister  the  time  of  exposure  of  the  compari- 
son light  is  regulated.  At  c — d  is  placed  the  filter  by  means  of 
which  the  colored  light  is  separated  out  from  the  white  light. 
S — S'  is  a  screen  which  protects  the  eyes  from  direct  light  from 
L,  and  T  is  a  tube  through  which  the  standard  and  comparison 
surfaces  are  viewed. 

The  results  obtained  in  this  work  were  expressed  in  the  form 
of  curves  in  which  the  photometric  value  of  the  standard  light, 
given  in  lux,  was  plotted  against  that  interval  of  exposure  of  the 

**  **La  sensation  lumineuse  en  f onction  du  temps,  pour  les  lumieres  colorees." 
"Journal  d'Physiol/  1904,  vi,  pp.  55-68.  Also  "Comptes  Rendus  des  seances  dc 
rAcadcmie  des  Sciences,"  1903,  CXXXVII,  pp.  944-979* 
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comparison  light  for  which  the  judgment  of  brightness  equality 
was  made  at  the  photometric  screen.  This  gave,  by  the  terms 
of  the  method,  the  photometric  rating  of  the  comparison  light 
for  different  intervals  of  action  on  the  eye.  Figure  III  is  a 
reproduction  of  their  curves.  An  inspection  of  these  curves  will 
show  among  other  things  that  although,  as  stated  earlier  in  the 
paper,  Broca  and  Sulzer  have  made  no  systematic  attempt  to 
equate  their  stimuli  in  brightness,  they  have  in  all  cases  given  a 
photometric  specification  of  the  lights  used.  In  some  cases* 
moreover,  the  colors  have  had  equal  photometric  values.  By 
the  phrase  "permanent  sensation  line,"  they  have  designated  the 
sensation  value  for  a  given  light  at  any  time  after  it  has  been 
exposed  to  the  eye  for  two  or  more  seconds.  That  this  designa- 
tion is  based  on  a  false  conception  of  the  temporal  course  of  sen- 
sation, scarcely  needs  again  to  be  pointed  out.  Sensation  does 
not  attain  to  a  constant  level  at  the  end  of  two  seconds.  It  must 
be  remembered,  therefore,  that  the  shape  of  the  curves  given  by 
Broca  and  Sulzer  depends  both  upon  the  rate  of  exhaustion  of 
the  eye  by  the  standard  light  and  the  actual  rate  of  rise  of  sen- 
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sation  to  its  maximum.  The  effect  of  diflFerences  both  of  wave- 
length and  intensity  of  light  upon  the  rate  of  exhaustion  of  the 
eye,  and  of  rate  of  exhaustion  upon  the  results  obtained  by  the 
method  will  be  taken  up  later  in  the  discussion  of  the  method. 

As  used  by  Biichner  and  Berliner  the  direct  method  was  im- 
proved in  general  principle  by  giving  to  the  standard  light  a  con- 
stant interval  of  exposure. 

(2)  Biichner,  The  object  of  Biichner's  work**  was  to  de- 
termine the  effect  of  difference  of  intensity  on  the  time  required 
for  the  sensation  aroused  by  white  light  to  come  to  its  maximum, 
and  to  plot  the  rise  of  sensation  to  its  maximum,  under  con- 
ditions of  both  light  and  dark  adaptation.  The  method  by  means 
of  which  his  stimuli  were  presented  to  the  eye  was  similar  to 
that  previously  employed  by  Lough  (see  this  paper  p.  19). 
For  work  with  dark  adaptation  the  arrangement  of  apparatus 
was  as  follows.  (See  Figure  IV.)  A  milk  glass  screen  M  was 
illuminated  from  behind  by  an  arc  lamp  B.     In  front  of  this 


screen  were  placed,  one  above  the  other  two  slits,  S  and  S',  vari- 
able in  width.  The  light  emerging  from  these  slits  was  allowed 
to  spread  to  a  second  milk  glass  screen,  F,  producing  on  this 
screen  two  continguous  bands  of  light,  O  and  O'.    These  bands 

f 'Uber  das  Ansteigen  der  Helligkeitserregung."    Psychologische  Studien, 
1906-1907,  11,  pp.  1-29. 
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were  viewed  directly  by  the  observer.  The  regulation  of  the  time 
of  exposure  of  these  luminous  areas  to  the  eye  was  accomplished 
by  means  of  a  pendulum  provided  with  two  openings,  one  in 
front  of  S  and  the  other  in  front  of  S'.  The  opening  in  the  one 
which  exposed  the  standard  light  was  kept  constant,  and  the 
opening  in  the  one  which  exposed  the  comparison  light  was 
varied.  With  a  given  time  of  exposure  of  the  comparison  light, 
the  intensity  of  the  standard  light  was  varied  by  changing  the 
width  of  slit  S  until  the  two  lights  appeared  equal  at  the  moment 
of  their  disappearance.  The  time  of  exposure  of  the  comparison 
light  for  which  the  widest  value  of  slit  S  had  to  be  used  was 
taken  as  the  time  required  for  the  comparison  light  of  a  given 
intensity  to  reach  its  maximum  value.  The  method  was  thus 
similar  to  that  employed  by  Broca  and  Sulzer  with  the  excep- 
tion a)  Broca  and  Sulzer  plotted  the  increase  of  the  standard 
light  required  to  match  the  sensation  aroused  by  the  comparison 
light  for  the  different  lengths  of  exposures  in  terms  of  photo- 
metric units  while  Biichner  plotted  these  values  in  terms  of 
slit  widths  and  b)  Buchner  used  a  constant  interval  of  exposure 
of  the  standard  light. 

The  following  values  were  obtained  for  the  development  time. 
These  values,  it  is  stated,  are  only  approximate." 

Table  I 

Intensity  Development^Time 

ojoi/2  M.C.  0.250  Sec. 

ai45  M.C  0.200  Sec 

0260  M.C.  0.120  Sec. 

For  the  work  with  light  adaptation,  a  different  arrangement 
of  apparatus  was  used  in  order  that  a  higher  intensity  of  light 

^^  So  far  as  we  can  tell  from  Bikhner's  report  of  his  work,  there  was  no 
means  of  keeping  the  spots  of  light,  which  served  as  his  standard  and  com- 
parison, of  constant  area.  The  vertical  dimension  was  constant,  determined 
by  the  constant  vertical  dimension  of  the  opening  in  the  pendulum  used  to 
make  the  exposures,  but  there  was  no  provision  to  keep  the  horizontal  dimen- 
sion from  varying  with  the  distance  of  the  screen  from  the  mirrors.  In  all 
probability  the  area  of  the  surface  exposed  has  also  an  effect  on  the  develop- 
ment-time since,  within  limits,  increase  of  area  stimulated  increases  the  in- 
tensity of  the  sensation  aroused.  At  least,  it  cannot  be  assumed,  prior  to 
experimentation,  that  this  was  a  negligible  factor. 
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might  be  gotten.    Light  from  the  lamp  B  (Fig,  V)  was  thrown 
on  a  translucent  screen  F'  by  two  mirrors  Sn  and  Sv.    Sn  re- 


,» 


r"       •'     /      .'■' 


FiGura  V 

fleeted  light  to  the  upper  half  of  the  screen,  Sv  to  the  lower 
half.  The  intensity  of  these  images  was  varied  as  needed  by 
changing  the  distance  of  the  mirror  Sv  from  the  screen,  and  by 
interposing  a  dark  glass  (g)  between  the  source  and  the  mirror 
Sn.  The  method  of  regulating  the  time  of  exposure  and  the 
general  principle  of  working  were  the  same  as  for  the  work 
with  dark  adaptation.    The  results  obtained  are  as  follows: 


Table  II 


Intensity 
9  M.C. 

15.5  M.C. 
57  M.C 


Development-Time 
.060  Sec. 
.070  Sec. 
.033  Sec 


No  comparison  is  made  of  the  time  required  to  arouse  the 
maximum  of  sensation  under  conditions  of  light  and  dark  adap- 
tation with  lights  of  the  same  intensity.  Besides  stating  that  a 
difference  in  the  intensity  of  the  light  used  affects  the  develop- 
ment time,  Biichner  reports  also  two  other  points,  (i)  The 
sensation  does  not  rise  regularly  to  its  maximum  value,  (see 
curves  op.  cit.,  pp.  14-24),  and  (2)  the  rate  of  rise  is  different 
for  different  parts  of  the  retina.  Only  rough  experiments  were 
conducted,  however,  to  show  the  latter  point. 
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(3)  Berliner's^^  investigation  had  a  two-fold  object:  (a)  a 
determination  of  the  time  required  for  color  sensations  to  reach 
their  maximum  saturation  and  (b)  the  time  required  for  them 
to  reach  their  maximum  brightness.  The  general  principle  of 
experimentation  was  the  same  as  was  used  by  Biichner.  The 
work  on  the  rise  of  the  sensation  to  its  maximum  saturation  will 
be  described  first.  Colored  lights  were  obtained  by  means  of 
pigment  papers  and  gelatine  filters.  For  the  work  with  pigment 
papers  a  rotating  disc  was  used  made  up  of  sets  of  variable  sec- 
tors of  colored  and  gray  paper,  outer  and  inner.  One  of  these 
was  made  the  standard  and  the  other  the  comparison  stimulus. 
For  the  comparison  stimulus  the  colored  and  gray  sectors  were 
given  a  value  which  would  produce,  when  the  disc  was  rotated,  a 
color  of  the  desired  degree  of  saturation.  The  proportion  of 
colored  and  gray  sectors  in  the  standard  disc  was  altered  until 
the  two  were  of  equal  saturation,  at  the  moment  of  disappearance 
of  both  stimuli.  The  time  of  exposure  to  each  stimulus  was  regu- 
lated by  means  of  the  same  kind  of  pendulum  as  was  used  by 
Biichner.  One  of  the  openings  in  the  exposure  device  carried  by 
the  pendulum  passed  in  front  of  the  standard  stimulus;  the  other, 
in  front  of  the  comparison.  The  eye  of  the  observer  was  screened 
from  all  of  the  disc  but  the  part  in  front  of  which  the  exposure 
apparatus  passed.  From  these  experiments  with  pigment  papers, 
green,  red,  blue,  and  yellow,  Berliner  concluded  that  color  sen- 
sations all  reach  their  maximum  saturation  in  approximately  the 
same  length  of  time.  This  time  he  found  to  be  about  0.300  sec- 
onds. In  his  experiments  with  the  colored  gelatine  filters  the 
saturation  of  the  standard  stimulus  was  varied  to  suit  the  needs 
of  the  experiment  by  rotating  in  front  of  one  half  of  the  gelatine 
plate  an  episkotister,  the  closed  sectors  of  which  were  covered 
with  a  gray  of  the  brightness  of  the  color.  The  method  of  ex- 
posing the  stimuli  and  of  detecting  the  development-time  was  the 
same  as  for  the  pigment  papers.  Again  each  of  the  four  colors 
reached  its  maximum  saturation  in  approximately  0.300  seconds. 
In  his  determination  of  the  time  required  for  the  colors  to 

i'"Der  Anstieg  der  reinen  Farbenerrcgung  im  Sehorgan"  PJpydiologisdie 
Studien.  igo7,  HI,  pp.  9i-i5S. 
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reach  their  maximum  brightness  only  two  colors  were  used. 
These  colors  were  obtained  by  means  of  gelatine  filters.  The 
experimental  procedure  was  the  same  as  was  employed  for  the 
determination  of  the  time  required  for  the  colors  to  reach  theif 
maximum  saturation,  with  the  exception  that  the  closed  sectors 
of  the  episkotister  used  to  vary  the  brightness  of  the  standard 
stimulus  were  made  black  instead  of  the  gray  of  the  brightness 
of  the  color.  The  maximum  brightness  of  each  of  these  two 
colors  was  attained  in  approximately  0.130  seconds.  Berliner 
also  mentions  the  irregularities  in  the  rates  of  development  of 
the  color  sensations.  This  was  especially  true  of  their  rise  in 
saturation. 

(4)  Charpentier.  Charpentier^'  determined  the  effect  of  dif- 
ference of  intensity  on  the  time  required  for  white  light  to  pro- 
duce its  maximum  effect  in  sensation.  Working  with  four  in- 
tensities of  light,  he  derived  the  law  that  the  time  required  for 
the  sensation  to  reach  its  maximum  value  varies  inversely  as  the 
fourth  root  of  the  intensity  of  the  light  He  does  not  fully  de- 
scribe his  method  of  working;  but,  so  far  as  can  be  determined 
from  the  description  given,  it  is  considerably  cruder  than  that 
employed  by  Broca  and  Sulzer,  Biichner,  or  Berliner. 

(5)  Lough"  Lough,  1896,  worked  also  with  white  lights  of 
different  intensities.  With  regard  to  the  effect  of  intensity  on 
the  rate  of  rise  of  sensation  he  came  to  the  following  conclu- 
sions, (i)  The  time  required  for  the  sensatign  to  reach  its 
maximum  varies  with  the  intensity  of  light.  An  increase  in  the 
intensity  of  light  decreases  the  time  required  for  the  sensation 
to  come  to  its  full  value.  (2)  For  intervals  of  exposure  less 
than  is  needed  to  bring  the  sensation  to  its  maximum  value,  the 
intensity  of  sensation  varies  directly  as  the  time  of  exposure. 
The  effect  of  intensity  on  the  time  required  for  the  sensation  to 
come  to  its  maximum  is  shown  in  the  following  table.    The  in- 

^^  Recherches  sur  la  i>ersistance  des  impressions  r^niennes  et  sur  les  ex- 
citations lumineuses  de  courte  dur^e.  Archives  d'Ophtalmologie,  1890,  X, 
pp.  107-135. 

^7  "The  Relations  of  Intensity  to  Duration  of  Stimulation  in  our  Sensa- 
tion of  Light/'  Psychological  Review,  III,  1896,  pp^  ^489-492. 
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tensities  of  the  lights  used  are  not  specified  in  standard  units. 
Only  ratios  are  given  in  an  arbitrary  scale." 

Table  III 

Intensity  of  Light  Time  of  maximum  effect 

I  0.148  Sec 

4  0.1 10  Sec 

16  aioo  Sec 

64  0.085  Sec 

256  0.090  Sec 

In  making  these  experiments  Lough  used  the  following  appa- 
ratus. The  light  employed  in  making  the  determinations  came 
from  two  standard  candles,  a  and  b,  (See  Fig.  VI)  which  could 


■^ 
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Figure  VI 

be  slid  back  and  forth  on  two  wooden  arms,  AB  and  BC,  one 
slightly  above  the  other.  The  light  was  reflected  through  a  slit 
E  into  the  observation  tube  F  by  means  of  a  mat  white  reflector 
a'  (coefficient  of  reflection  not  given)  and  the  light  from  b  by 
means  of  a  similar  reflector  b',  which  is  slightly  above  or  below 
a'.  Slit  E  is  one  centimeter  wide  and  four  centimeters  high. 
The  upper  half  of  this  slit  is  illuminated  by  the  light  from  a', 
and  the  lower  half,  from  b'.  The  eye  is  protected  from  the  di- 
rect light  from  a  and  b  by  means  of  the  tube  F  and  the  screens, 
G  and  G'.  Between  a'  and  b'  and  the  slit  E  swings  the  exposure 
apparatus  D,  which  is  a  pendulum  carrying  a  mat  black  screen. 
This  screen  contains  two  open  sectors,  S  and  S',  not  shown  in 
the  figure,  one  twice  as  broad  as  the  other.  Lough  describes  the 
method  of  detecting  the  maximum  as  follows : 

"In  order  to  obtain  the  time  for  the  maximum  effect,  the 
lamps  were  placed  so  that  a'  and  b'  gave  sensations  of  equal  in- 
tensity and  S  and  S'  were  then  adjusted  to  the  relation  of  1:2. 
When  now  the  pendulum  was  allowed  to  swing  through  a  small 

^^  The  unit  of  intensity  used  by  Lough,  worked  out  roughly  from  the  data 
given  by  himself,  is  0.097  meter  candle. 
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arc  the  two  reflectors  seemed  equal,  but  as  the  amplitude  of  the 
swing  increased,  a  point  was  soon  reached  where  sf  appeared 
just  preceptibly  darker  than  b'.  This  marks  the  point  where  a' 
fails  to  produce  its  maximum  effect.  With  openings  and  lamps 
adjusted  as  before,  the  pendulum  was  now  given  a  much  larger 
swing.  This  caused  a'  to  appear  much  less  intense,  while  b' 
retained  its  former  intensity.  The  amplitude  of  swing  was  grad- 
ually decreased;  with  this  a'  becomes  gradually  more  intense 
until  it  finally  becomes  equal  to  b';  after  this  no  further  change 
will  take  place.  This  also  marks  the  point  of  maximum  effect 
for  a'." 

(6)  Martius.  The  form  in  which  Martins"  employed  the 
direct  method  of  making  the  determination  seems  also  to  be 
open  to  question.  The  surfaces  to  be  compared  filled  the  visual 
fields  of  two  telescopes.  The  standard  light  illuminated  the  field 
continuously,  while  the  time  of  exposure  of  the  comparison  field 
could  be  varied.  The  observer  looked  first  at  the  standard  light, 
then  quickly  moved  his  eye  to  the  other  telescope  and  viewed  the 
comparison  light.  The  maximum  was  determined  by  a  series  oiF 
observations  similar  in  principle  apparently  to  those  made  by 
Broca  and  Sulzer.  Two  conspicuous  errors  were  involved  in 
Martius'  method  of  making  the  determinations,  (i)  Even  less 
adequate  provision  was  made  for  standardizing  the  sensation 
which  served  as  standard  than  was  made,  for  example,  by  Buch- 
ner  and  Berliner.  And,  (2)  a  serious  time-error  was  involved 
in  making  the  comparison  of  the  two  fields.  That  is  the  two 
sensations  were  not  compared  directly.  One  was  compared  with 
the  variable  or  changing  memory  of  the  other.  The  seriousness 
of  this  error  will  be  obvious  to  any  one  who  is  familiar  with  the 
difficulty  of  making  accurate  and  reproducible  judgments  for 
such  short  intervals  of  exposures,  even  when  they  are  made  un- 
der the  most  favorable  conditions.  The  exposure  apparatus  em- 
ployed by  Martius  is  somewhat  elaborate.  A  schematic  repre- 
sentation of  this  apparatus,  drawn  by  the  author,  from  his  de- 
scription is  shown  in  Figure  VII. 

The  discs  D  and  M,  are  connected  by  a  transmission  gear  in 

i***t)ber  die  Dauer  der  Uchtempfindungen''  Beitrage  zur  Psychologie  tind 
Philosophie,  1905,  I,  pp.  275-366. 
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Figure  VII 

such  a  manner  that  they  may  be  rotated  at  different  rates.  These 
discs  allow  the  light  to  pass  from  the  source  to  the  eye,  only  when 
the  openings,  N.  and  B,  come  at  the  same  time  into  the  line  of 
sight.  The  times  of  exposures  and  the  time  between  exposures 
can  be  reckoned  from  the  relative  positions  of  the  openings,  N 
and  B,  and  the  speed  of  rotation  of  the  two  discs.  The  light  is 
presented  to  the  eye  in  the  following  manner.  An  illuminated 
mat  surface,  E,  serves  as  the  source  of  light.  The  light  from 
this  passes  through  an  opening  in  a  screen  W,  and  from  there 
through  the  lens  L'  and  focuses  at  P.  From  P  it  spreads  to  the 
lens,  U,  and  is  rendered  parallel,  passing  just  through  a  slit  in 
screen  W  and  then  through  the  telescope  lenses,  L"  and  L*,  to 
the  eye.  At  each  exposure  the  eye  viewed  the  field  of  the  tele- 
scope uniformly  filled  with  light.  Two  of  these  apparatus  were 
provided,  side  by  side,  one  to  give  the  standard  stimulus  and 
one  the  comparison.  In  either,  the  exposure  discs  could  be  ro- 
tated if  desired.  They  were  rotated,  however,  only  in  giving  the 
comparison  stimulus.  In  giving  the  standard  stimulus  the  light 
was  allowed  to  come  through  to  the  eye  continuously.  The  ap- 
paratus used  by  Martins  may  be  criticised  in  two  regards,  (i) 
The  arrangement  was  such  that  the  standard  and  comparison 
lights  were  presented  to  the  eye  successively  rather  than  simul- 
taneously which,  as  has  already  been  noted,  introduced  a  serious 
time-error,  and  (2)  the  position  of  the  exposure  discs  in  the 
path  of  light  were  not  such  as  to  expose  or  to  cut  off  the  light 
sharply.  To  accomplish  this  the  light  should  have  been  focused 
in  the  plane  of  the  discs. 
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His  results  agree  in  general  with  those  of  the  other  observers, 
in  that  he  found  that  the  more  intense  was  the  light,  the  shorter 
was  the  time  necessary  for  it  to  produce  the  maximum  response. 
The  results  are  given  in  the  following  table.  The  intensities  of 
light  used  are  specified  only  in  terms  of  ratios  in  an  arbitrary 
scale. 

Table  IV 
Intensity  Time  required  to  produce  maximum  response 

I  ox>i3  Sec. 

1/2  0.039  Sec 

1/4  0.053  Sec. 

1/8  0.066  Sec 

1/16  0.078  Sec 

1/32  0.093  Sec 

Martins  also  carried  out  a  few  rough  experiments  with  colored 
lights,  coming  to  the  following  conclusion.  "If  the  colors  rank 
from  bright  to  dark  in  the  following  order,  yellow,  green,  blue, 
red,  they  rise  to  their  maximum  in  the  order  yellow,  blue,  green, 
red."    He  gives  the  appended  table. 


Table  V 

Color 

Time  required  to  produce  maximum  response 

Yellow 

0.020  Sec 

Blue 

0.036  Sec 

Green 

0.048  Sec 

Red 

0.090  Sec 

B.  The  Indirect  Methods,  (i)  Exnet^^  working  in  the  labo- 
ratory of  Helmholtz,  was  the  first  to  take  up  the  investigation  of 
the  response  of  the  retina  to  lights  of  short  duration  by  an  indi- 
rect method  of  determination.  His  method  was  based  on  the 
following  principle.'^  If  the  stimulus  for  a  light  sensation  is 
cut  off  before  it  has  aroused  its  maximum  response  in  sensation, 
the  sensation  will  continue  in  its  original  brightness,  i.e.  there 
will  be  a  positive  after  image.  When,  however,  the  stimulus  is 
cut  off  after  it  has  produced  its  maximum  effect,  the  sensation 
will  tend  to  continue  in  the  reversed  brightness,  i.e.,  there  will 

*<*  Uber  die  zu  einer  Gesichtswahrn^unung  Nohtige  Zeit."  Sitzungsberidite 
der  Kaiserlichen  Academie  der  Wissenschaften,  1868,  LVIII,  pp.  601-631. 

^^  Helmholtz  apparently  saw  the  possibility  of  a  defect  in  this  principle. 
Handbuch  der  Physiologischen  Optik,  1896,  pp.  S13-514. 
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be  a  negative  after  image.  Now,  if  two  adjacent  parts  of  the 
retina  are  stimulated  by  lights  of  the  same  intensity,  but  one  ex- 
citation is  begun  slightly  before  the  other,  two  sensations  will 
result,  the  course  of  which  may  be  represented  by  the  curves  in 
Figure  VIII.     From  these  curves,  granting  the  principle  pre- 


Figure  VIII 

viously  stated,  it  will  be  seen  that  if  the  two  stimuli  are  inter- 
rupted simultaneously  before  either  has  reached  its  maximum 
(represented  in  Fig.  VIII  by  m,  n,  f )  both  should  give  positive 
after  images  but  these  after  images  should  be  of  different  bright- 
nesses. That  is,  the  after  image  of  the  stimulus,  the  exposure  of 
which  was  begun  first,  will  be  the  brighter.  If  they  are  inter- 
rupted after  both  have  passed  their  maximum  (represented  in 
Fig.  VIII  by  p,  r,  e)  both  should  give  negative  after  images, 
which  should  also  differ  in  brightness.  There  is  a  time,  how- 
ever, at  which  they  may  be  interrupted  (represented  in  Fig. 
VIII  by  c,  h)  when  the  result  should  be  two  positive  after  images 
of  equal  brightness.  The  sensation  aroused  by  this  length  of 
exposure  is,  Exner  believes,  the  maximum  for  the  light  first  ex- 
posed. The  following  comments  may  be  made  both  on  the  prin- 
ciple on  which  the  method  is  based  and  on  the  limits  of  appli- 
cation of  the  method  to  the  problem  in  question,  (i)  It  can 
scarcely  be  demonstrated  within  the  limits  of  accuracy  required 
for  the  method  that  an  under-exposed  and  a  fully  exposed  eye 
give  positive  after  responses  and  an  eye  barely  over-exposed 
gives  only  a  negative  response.  The  assumption  is  based  on  a 
very  general  consideration  of  the  shape  of  the  intensity  curve  for 
sensation — ^that  is,  the  sensation  rises  to  its  maximum  then  be- 
gins to  decay  if  the  stimulus  is  prolonged — ^and  on  Helmholtz's 
theory  of  the  correlation  of  the  negative  after  image  with  the 
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loss  of  sensitivity  and  the  decay  of  sensation.  (2)  The  general 
principle  of  detecting  the  maximum  by  two  exposures,  one  begin- 
ning slightly  after  the  other  could  be  used  quite  as  readily,  were 
the  judgments  made  of  the  sensations  aroused  during  the  ex- 
posures instead  of  the  after-responses.  There  seems  in  fact  even 
no  theoretical  justification  for  making  the  judgment  of  the 
after-images  unless  it  is  believed  that  the  brightness  reversal 
which  according  to  the  assumption  should  occur  as  soon  as  the 
point  of  maximum  intensity  is  passed  for  the  sensation  first 
aroused,  would  make  a  greater  and,  therefore,  a  more  readily 
detectable  difference  between  the  after-images  of  the  two  sen- 
sations than  would  be  obtained  between  the  two  sensations  them- 
selves. In  contradiction  to  this,  however,  Kunkel,  the  next  to 
take  up  the  work  of  detecting  the  time  of  maximum  response,  de- 
clared the  judgment  of  the  after-images  to  be  impossible  and 
used  the  method  with  three  revisions,  one  of  which  was  that  all 
judgments  were  made  of  the  sensations  directly  aroused  by  the 
two  exposures.  (3)  The  sensation  aroused  by  the  light  first  ex- 
posed is  the  sensation  whose  maximiun  intensity  is  being  de- 
termined. Now,  if  the  second  exposure  is  begun  too  long  after 
the  first,  the  judgment  of  equality  will  be  made  after  the  sensa- 
tion aroused  by  the  first  exposed  light  has  reached  its  maximum. 
If,  on  the  other  hand,  it  is  begun  too  soon  after  the  first,  the  two 
sensation  curves  will  too  nearly  coincide  and  the  judgment  of 
equality  will  be  made  for  too  great  a  part  of  the  two  curves, 
when  theoretically  it  should  be  made  at  a  given  point  in  the 
curve  or,  at  least,  for  a  very  small  segment  of  the  curve.  That 
is,  by  the  first  procedure,  greater  sensitivity  is  obtained  in  de- 
tecting the  equality  point,  but  the  equality  point  does  not  co- 
incide with  the  point  of  maximum  intensity;  while,  by  the  second 
procedure,  a  lesser  sensitivity  is  attained  in  detecting  the  equality 
point,  but  the  point  of  maximum  intensity  lies  within  the  seg- 
ment judged  equal.  Obviously  a  successful  application  of  the 
method  should  come  from  a  proper  compromise  between  the 
two  procedures,  or  the  choice  of  the  proper  interval  of  time  be- 
tween the  beginning  of  the  exposure  of  the  eye  to  the  first  and 
second  stimulus.    Both  exposures  end  at  the  same  time,  hence, 
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once  this  interval  between  the  two  exposures  is  chosen,  the  two 
are  varied  by  equal  amounts  until  the  judgment  of  equality  is 
made.**  (4)  At  best  the  method  can  be  used  only  for  obtaining 
the  exposure  time  required  to  give  the  maximum  intensity  of 
sensation.  The  relative  sensation  values  of  exposure-times  less 
than  this  can  not  be  determined  directly.  But  once  having  ob- 
tained by  Exner's  method,  the  maxima  for  a  series  of  sensations 
graded  in  intensity,  the  curve  for  a  third  sensation,  the  maximum 
intensity  and  the  time  of  development  of  which  is  equal  to  or 
less  than  the  last  one  of  the  graded  series,  might  be  determined 
by  the  method  of  direct  comparison  or  equality  of  brightness. 
This  combination  of  the  two  methods,  however,  has  not  yet  been 
made. 

Exner  used  only  white  light  in  making  his  determinations. 
Four  intensities  which  bore  the  ratio  to  each  other  of  i,  2,  4, 
and  8  were  used.  The  intervals  necessary  for  these  different  in- 
tensities to  have  maxmium  effect  in  sensation  ranged  from  0.287 
to  0.1 18  seconds.  With  reference  to  the  effect  of  intensity  of 
stimulation  on  the  time  required  for  sensation  to  reach  its  maxi- 
mum he  draws  the  following  general  conclusion : 

"Wenn  die  Reizungs-Intensitaten  in  geometrischer  Progres- 
sion wachsen,  so  nehmen  die  Zeiten,  die  zwischen  Beginn  der 
Reizung  und  ihrer  hochsten  Intensitat  verlaufen,  in  arithme- 
tischer  Progression  ab." 

(2)  Lamansky.  Lamansky*'  was  the  next  to  take  up  the 
work  of  determining  by  an  indirect  method  the  time  required 
for  the  visual  sensation  to  rise  to  its  maximum.  He  gives  in  the 
article  cited  an  extremely  brief  description  of  his  work.  No  ac- 
count of  the  method  used  is  given  further  than  the  statement 
that  it  was  the  same  as  used  by  Exner.  Pigment  papers,  white 
and  colored,  were  used  as  stimuli.  A  detailed  statement  of  re- 
sults is  not  given.     The  general  conclusion  is  drawn  that  the 

22  The  above  comment  is  perhaps  more  strictly  applicable  to  the  Judgment 
of  the  sensations  than  to  the  judgment  of  the  after-images.  It  is  somewhat 
difficult  to  say  a  priori  just  what  the  situation  would  be  in  case  the  judgment 
were  made  of  the  after-images. 

*«  "Ubcr  die  Grenzen  der  Empfindlichkeit  des  Auges  f iir  Spectral  farben," 
Archiv.  fur  Ophthalmologie,  1871,  XVII,  pp.  123-132. 
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color  sensations  rise  to  their  maxima  at  different  rates  but  the 
only  statement  he  makes  with  regard  to  the  order  of  rapidity  of 
rise  for  the  different  colors  is  that  it  is  the  slowest  for  red. 

(3)  Kunkel.  Three  years  later  the  problem  was  taken  up 
anew  by  Kunkel.**  He  is  also  generally  accredited  with  having 
used  Exner's  method  in  a  modified  form.  The  modifications 
made  by  him,  however,  were  rather  fundamental.  He  repudi- 
ated Exner's  method  in  the  following  regards,  (i)  His  ob- 
servers were  utterly  unable  to  make  the  comparisons  needed  in 
terms  of  the  after-response.  And  (2)  he  denied  the  possibility 
of  determining  more  than  a  rough  approximation  of  the  time 
required  for  the  sensation  to  reach  its  maximum,  when  equal  in- 
tensities of  lights  were  used  in  conjunction  with  a  constant  differ- 
ence of  exposure  time,  as  is  required  by  Exner's  method.  In 
devising  his  own  method  he  begins  with  the  assumption  that  the 
more  intense  is  the  light,  the  more  quickly  will  the  sensation 
aroused  by  it  rise  toward  the  maximum.*'  With  this  assump- 
tion as  a  basis  two  points  of  revision  are  made,  (a)  The  lights 
used  shall  be  of  different  intensities.  One  must  be  a  great  deal 
stronger  than  the  other;  and,  if  the  method  is  to  accomplish  its 
purpose,  the  sensation  aroused  by  the  stronger  light  must,  as 
stated  above,  rise  more  rapidly  toward  its  maximum  than  the 
sensation  aroused  by  the  weaker  light.  The  intervals  of  ex- 
posure of  the  two  lights  must  be  so  regulated,  however,  that 
the  sensation  aroused  by  the  comparison  light  reaches  its  maxi- 
mum before  the  maximum  is  reached  by  the  sensation  aroused 
by  the  standard  light.  And  (b)  a  variable  and  not  a  constant 
difference  in  the  time  of  exposure  to  the  two  lights  shall  be  em- 
ployed in  each  series  of  determinations.  In  detail  the  method  is 
as  follows.  The  apparatus  is  so  arranged  that  the  exposure  to 
the  standard  and  comparison  lights  end  at  the  same  time.  A 
given  very  small  interval  of  time  is  chosen  for  the  comparison 
light.    Then  a  time  of  exposure  is  found  for  the  standard  light 

«*  "Ubcr  die  Abhangigkeit  der  Farbencmpfindung  von  der  Zeit,"  Archiv.  fur 
Physiologic  (Pfluger)  IX,  pp.  197-220^  1874,  Bd.  IX,  pp.  197-220. 

2^  Exner  had  found  this  to  be  true  for  white  light ;  Kunkel  assumes  it  also 
for  colored  light.    Colored  light  alone  was  used  in  his  experiments. 
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which  causes  it  just  to  match  in  apparent  brightness  the  com- 
parison light.  This  procedure  is  repeated  for  a  graded  series  of 
exposure  times  for  the  comparison  light.  From  this  series  the 
time  required  for  the  comparison  light  to  arouse  its  maximum 
response  in  sensation  is  selected  in  accordance  with  the  following 
principle.  The  exposure  times  of  the  standard  light  are  so  regu- 
lated that  the  sensation  aroused  by  it  would,  if  the  stimulation 
were  allowed  to  continue,  reach  its  maximum  considerably  later 
than  the  sensation  aroused  by  the  comparison  light.  However, 
the  stimulation  by  both  lights  is  cut  off  before  the  sensation 
aroused  by  the  standard  light  reaches  its  maxinmm.  For  the 
series  of  observations  under  consideration,  then,  it  may  safely 
be  assumed  that  the  longer  the  exposure  to  the  standard  light, 
the  stronger  is  the  sensation  aroused  by  it.  In  order  to  determine 
the  time  of  exposure  required  to  arouse  the  maximum  value  of 
sensation,  it  becomes  necessary,  therefore,  only  to  pick  out  from 
the  series  that  value  of  sensation  which  is  matched  by  the  sen- 
sation aroused  by  the  longest  exposure  to  the  standard  light  to 
be  found  in  the  series.  The  method  can  be  further  elucidated, 
perhaps,  by  a  graphic  illustration  such  as  is  given  in  Figure  IX. 
In  this  figure  the  temporal  courses  of  the  sensations  aroused  by 
the  standard  and  comparison  lights  are  represented  by  curves  in 


Figure  IX 
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which  the  ii^nsity  of  fieii$ation  is  plotted  against  the  time  of 
exposure  of  the  lights.  The  general  course  of  the  conyarison 
sensation  is  represented  by  the  curve  A,  B,  C;  the  course  of  the 
standard  sensation  is  refMresented  by  the  curves  bbldc"!!^  and 
nun^  the  times  at  which  the  exposure  of  both  lights  is  ci|t 
oflF,  for  the  eases  considered,  by  the  points,  d,  i,  n,  and  jo;.a9d 
the  k«gths  oi  the  exposure  of  the  two  lights,  standard  and  com- 
parison respectively,  by  the  lines  bd  and  Ad,  ki  and  Ai,  In  aod 
An,  mo  and  Ao.  SMace  b^  k^  V,  and  m^  are  common  to  the 
two  curves  and  are  points  which  represent  equal  intensities  of 
the  4wo  seasations,  and  both  ki,  and  In,  and  mo  are  the  .times  of 
exposure  requifed  to  bring  the  standard  sensations  to  these 
values;  then  if  in  comparing  the  values  bd,  ki,  In,  and  mo,  it  is 
lound  <that  In,  has  the  greatest  value  but  only  slightly  greater 
than  ki,  or  Mo,  An  may  be  taken  as  the  time  r^uired  for  the 
comparison  sensation  to  attain  its  maximum.  From  a  consider- 
ation of  this  method  it  is  obvious  that  nothing  more  than  a  de- 
termination of  the  time  required  for  a  sensation  to  come  to  its 
maximum  can  be  made  with  any  degree  of  accuracy,  although 
Kunkel  has  in  a  rough  way  plotted  the  rise  of  the  visual  sensa- 
tions. (See  Figure  X.)  He  did  this  by  assuming  that  the  rise 
of  the  sensation  for  the  more  intense  stimulus  could  be  repre- 
sented approximately  by  a  straight  line;  and  that,  accordingly, 
the  excitation  caused  by  it  may  be  considered  pr(^)ortional  to  the 
length  of  exposure.  He  also  contends  that  the  time  required  for 
a  sensation  to  come  to  its  maximum  can  be  determined  with  more 
precision  by  his  revision  of  the  method  than  by  the  method  in 
its  original  form;  for,  the  difference  in  the  pitch  of  the  curves 
being  much  greater  in  the  former  than  in  the  latter  case,  not  so 
great  a  change  in  exposure  time  is  required  to  make  a  noticeable 
change  in  sensation.  That  is  by  using  lights  widely  different 
in  intensity  and  a  variable  rather  than  a  constant  exposure  time, 
he  has  succeeded,  he  believes,  in  giving  to  Exner's  method  a 
greater  sensitivity  than  was  attained  in  the  form  in  which  it 
was  employed  by  Exner  himself. 

Kunkel  worked  with  colored  light  alone, — ^  red,  green  and 
blue  chosen  from  the  spectrum.     The  range  of  wave-lengths, 
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however,  was  not  specified.  The  spectroscope  used  by  him  was 
apparently  not  calibrated  for  waye-lengths  and  his  only  means 
of  reproducing  his  stimulus  from  observation  to  observation  was 
his  judgment  of  similarity  of  color  tone.  Two  intensities  of 
lights  were  used  for  red  and  blue,  and  three  for  green.  No 
specificatiQn  is  given  of  the  intensities  used,  nor  can  they  be 
determined  from  any  data  giyen  by  him.  He  shows  his  results 
for  these  intensities  in  the  form  of  curves,  given  in  Figure  X.** 
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Figure  X 


A  crude  attempt  was  made  to  get  comparative  results  with 
lights  of  equal  brightnesses.     The  lights  were  not  equated  by 

**  The  values  shown  in  these  curves  for  the  visual  sensation  were  obtained 
in  the  following  manner.  The  light  to  be  used  as  a  standard  was  made  of 
sufficient  intensity  so  that  its  brightness  might  be  considered  to  increase  in 
direct  proportion  to  its  time  of  exposure.  The  comparison  light  was  then 
rated  for  different  exposure  times  in  terms  of  th&  exposure  time  of  the 
standard  light  which  caused  the  two  stimuli  to  be  judged  equal.  The  ordinates 
of  the  curves  represent  the  exposure  times  of  the  standard  light— plotted  to  an 
arbitrary  scale. 
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photometric  comparison,  but  he  assumed  that  the  green  of  his 
spectrum  was  twice  as  bright  as  the  red  and  four  times  as  bright 
as  the  blue,  and  made  reductions  of  the  intensity  of  the  red  and 
green  to  accord  with  this  rough  estimation. 

(4)  DiirrV  Unable  to  get  satisfactory  results  by  the  methods 
of  either  Exner  or  Kunkel,  Diirr  attempted  to  find  still  another 
method  of  varying  the  factors  involved,  in  a  way  that  would 
suit  the  purpose  of  the  problem.  The  method  he  devised  may  be 
considered  a  modification  of  Kunkel's  method.  The  following 
points  of  similarity  and  diflference  may  be  noted  between  the 
two  methods.  Like  Kunkel,  Diirr  used  a  variable  time  of  ex- 
posure to  the  two  lights,  and  a  variable  difference  in  the  time  . 
of  beginning  these  exposures.  He  also  used  lights  differing 
widely  in  intensity,  and  made  the  stronger  the  standard,  by  means  . 
of  which  the  maximum  value  of  the  sensation  aroused  by  the 
weaker  was  detected.  Unlike  Kunkel,  however,  (i)  he  varied 
the  length  of  the  two  exposures  and  the  difference  in  the  time 
of  beginning  these  exposures  in  such  a  way  that  the.  comparison  * 
sensation  became  equal  to  the  standard  after  the  latter  sensation 
had  reached  its  maximum  value,  instead  of  before;  and  (2)  he 
determined  from  his  results  the  time  required  for  the  comparison 
sensation  to  reach  its  maximum  value  in  accordance  with  the 
following  principle:  In  a  series  of  observations  in  which  the 
variations  are  made  as  described  above,  there  is  for  a  given  in- 
tensity of  light  one  length  of  exposure  to  the  comparison  light 
that  will  arouse  a  sensation  which  can  be  judged  equal  only  once 
in  its  course  to  the  sensation  aroused  by  the  standard  light,  and 
that  is  the  time  required  for  the  comparison  light  to  arouse  its 
maximum  response  in  sensation.  This  principle  may  perhaps  be 
made  clear  by  a  consideration  of  the  curves  shown  in  Figure  XL 

In  this  figure,  curve  ABC,  represents  the  intensity  curve  of 
the  standard  sensation,  A'B'C,  the  curve  of  the  comparison  sen- 
sation ;  and  A  A',  the  interval  of  time  between  the  beginning  of 
the  exposures  of  the  standard  and  comparison  lights.  Were 
the  exposures  made  to  end  at  aa',  cc'  or  at  any  other  time  than 

*^"ttt)cr  das  Ansteigen  dcr  Netzbauterregungen/'  Wundt  Phil.  Studien, 
1901-1903,  XVIII,  pp.  215-273, 
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Figure  XI 

is  represented  by  bb',  the  comparison  light  would  be  judged 
darker  than  the  standard.  Were  the  time  AA'  made  shorter, 
the  comparison  light  would  never  be  judged  equal  to  the  stan- 
dard; and  were  it  made  longer  the  comparison  light  would  twice 
be  judged  equal  to  the  standard,  and  a  part  of  the  time  stronger 
and  a  part  weaker.  That  is,  the  curve  A'B'C  would  rise  above 
the  curve  ABC  and  would  cut  it,  therefore,  in  two  places.  This 
would  happen  also  were  the  time  AA'  to  remain  the  same  and  a 
stronger  light  be  used  for  the  comparison  light.  How  difficult 
the  method  is  of  a  systematic  application  must  be  obvious  even 
with  this  brief  consideration  of  the  possibilities.  The  success 
of  the  determination  depends  upon  selecting  just  the  right  rela- 
tion between  the  three  variables, — ^the  ratio  of  intensity  of  stan- 
dard to  comparison  light,  the  time  from  the  beginning  of  the 
first  light  to  the  beginning  of  the  second  light,  and  the  length 
of  exposure  to  the  two  lights.  If  this  is  not  done,  the  curve 
A'B'C  will  not  touch  the  curve  A  B  C  at  one  point  only;  and  the 
time  required  for  the  comparison  sensation  to  reach  its  maximum 
value  cannot  be  determined.  Our  own  attempts  to  use  the 
method  have  proved  very  discouraging,  and  our  verdict  is  that 
it  is  the  least  feasible  of  any  of  the  methods  that  have  yet  been 
described. 

Using  the  method  described  above  Dtirr  obtained  results  which 
disagree  with  those  of  most  other  investigators.    His  conclusions 
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were  threefold,  (a)  The  time  required  for  visual  sensation  to 
reach  its  maximum  is  independent  of  the  intensity  of  the  light 
used,  (b)  it  is  longer  for  colored  than  for  white  light,  and  (c) 
it  is  the  same  for  all  of  the  colors.  According  to  his  results  this 
time  is,  for  white  light  for  all  intensities  used,  approximately 
0.260  seconds;  and  for  colored  lights,  about  0.541  seconds.  A 
comparison  of  his  results  with  those  of  other  investigators  shows 
that  even  the  few  who  agree  with  him  in  some  points,  do  not 
agree  with  him  in  all.  Swan  alone  concurs  with  him  in  the  belief 
that  the  development-time  for  white  light  is  independent  of  the 
intensity  of  the  light  used ;  and  Swan's  results,  it  will  be  remem- 
bered, were  not  directly  determined,  but  computed  from  experi- 
ments with  short  exposure  times.  Swan  worked  with  white  light 
alone  and  found  for  the  development-time  a  value  of  about  one- 
half  that  assigned  to  it  by  Diirr.  MacDougall  agrees  with  Diirr 
in  that  he  believes  that  colors  of  equal  brightness  rise  to  their 
maximum  at  the  same  rate ;  but  he  maintains,  on  the  other  hand, 
that  the  rate  of  rise  sustains  a  direct  relation  to  the  intensity  of 
light  used.  His  value  for  the  development-time  is  about  one- 
fifth  of  that  obtained  by  Diirr. 

The  radical  disagreement  of  Diirr's  results  with  those  of  other 
investigators  who  have  used  methods  differing  from  his  and 
who  have  not  disagreed  so  much  among  themselves,  leads  one 
strongly  to  suspect  that  the  disagreement  is  largely  the  result  of 
his  method  of  working.  It  was  our  intention  to  use  his  method 
along  with  the  others  for  the  sake  of  finding  out  more  definitely 
whether  the  type  of  discrepancy  shown  in  his  results  is  character- 
istic of  the  method  or  a  peculiarity  of  the  observer.  Because  of 
the  tediousness  of  the  method,  however,  and  the  more  or  less  un- 
systematic way  in  which  it  must  be  applied,  our  work  witfi  it  was 
confined  to  one  intensity  and  one  color  of  light.  This  gave  us 
the  opportunity  of  comparing  our  results  with  Diirr's  in  one 
regard  only,  namely,  the  order  of  magnitude  of  the  value  gotten 
for  the  development-time.  The  effect  of  wave-length  and  in- 
tensity could  not,  for  example,  be  compared.  With  regard  to 
the  order  of  magnitude  of  the  development-time  our  results 
agreed  with  Diirr's.    That  is,  the  value  of  the  development  time 


Digitized  by 


Google 


THE  LAG  OF  VISUAL  SENSATION  33 

was  much  greater  than  was  obtained  by  the  other  methods.  With 
regard  to  the  causes  of  this  difference  in  the  results  obtained  by 
Durr  and  other  investigators  we  have  only  the  most  casual  sug- 
gestions to  make,  (i)  It  seemed  possible  that  the  judgment  of 
the  sensations  might  be  influenced  by  the  after-response  and  that 
this  might  lead  to  the  overestimation  of  the  development-time. 
That  is,  the  standard  light  is  so  much  stronger  than  the  com- 
parison light  and  is  exposed  so  much  longer  that  the  tendency 
would  be  to  give  a  much  stronger  positive  after-effect  than  is 
given  by  the  comparison  lig^t.  Within  limits  the  tendency  to 
do  this  would  possibly  decrease  with  increase  in  the  exposure 
time  to  both  lights  for  the  increment  would  doubtless  have  more 
effect  on  the  after-response  when  applied  to  the  relatively  short 
exposure  of  the  comparison  light  than  to  the  longer  exposure  of 
the  standard  light;  and  this  wotdd  exert  a  tendency  to  lessen 
whatever  influence  the  difference  of  after-response  might  have 
on  judgment.**  However,  that  the  after-response  does  in  all 
probability  influence  the  judgment  was  shown  by  decreasing  its 
possibility  of  occurring  and  noting  the  results.  This  was  ac- 
complished by  preventing  the  stimulus-light  from  being  suc- 
ceeded by  the  usual  dark  field  produced  by  cutting  off  the  light 
from  the  stimulus  box, — a  dark  field  being  the  most  favorable 
possible  for  the  quick  development  and  brilliancy  of  the  positive 
after-image.    By  means  of  a  white  mat  surface  fastened  to  the 

"Tlie  only  study  of  the  positive  after-image  which  the  author  has  been 
able  to  find,  where  the  lights  and  exposures  employed  are  at  all  comparat>le 
with  those  used  in  the  present  experiment,  was  made  by  Franz  in  1901,  (Psy. 
Rev.  Mon.  Supp.,  No.  3).  He  gives  the  following  data.  An  exposure 
of  I  sec  arouses  a  positive  after-image  in  100  percent  of  the  cases,  one 
of  i/io  sec.  in  97  percent  of  cases;  one  of  i/ioo  sec.,  in  82  percent  of  the 
cases;  and  one  of  i/iooo  sec,  in  only  19  percent  of  the  cases.  If  we  can 
assume  that  the  factors  which  affect  the  frequency  with  which  the  after  image 
occurs  similarly  affect  the  intensity  of  those  whidi  occur,  we  conclude  from 
this  data  that  an  increase  in  a  very  short  exposure  to  the  light  will  have  more 
effect  than  an  increase  in  a  longer  exposure,  within  the  range  of  exposures 
used  by  Franz.  We  can  give  this  assumption  no  other  warrant,  however, 
than  its  plausibility.  In  this  same  article  Franz  shows  that  the  effect  of 
decreasing  the  intensity  of  the  stimulus  is  to  produce  at  first  a  slow  and  later 
a  more  rapid  decrease  in  the  frequency  with  which  after-images  occur.  This 
fact  will  be  referred  to  later  in  another  connection. 
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exposure  disc  with  its  forward  edge  flush  with  the  edge  of  the 
closed  sector  which  cuts  off  the  stimulus  light  and  a  small  elec- 
tric lamp  the  circuit  of  which  was  closed  at  the  instant  the  stimu- 
lus light  was  cut  off,  the  stimulus  surface  and  the  interior  of  the 
stimulus  box  was  illuminated  by  white  light  immediately  suc- 
ceeding the  cutting  off  of  the  stimulus  light.  That  is,  the  dis- 
appearance of  the  stimulus  was  followed  by  a  light  rather  than 
a  dark  field  and  the  positive  after-image  was  not  given  an  op- 
portunity to  develop.  The  effect  of  this  was  to  lessen  very  much 
the  determination  made  of  the  development-time,  and  to  bring  it 
more  nearly  into  agreement,  therefore,  with  the  values  obtained 
by  other  methods.  (2)  From  the  ratix>s  given  by  Diirr  of  the 
intensities  of  his  comparison  and  standard  lights  it  seems  hardly 
possible  that  the  two  could  have  been  judged  equal  at  the  end 
of  the  time  given  by  Diirr.  That  is,  this  ratio  was  27  to  4,  for 
example,  in  one  case,  and  23  to  4  in  another.  The  time  for 
which  the  standard  light  was  exposed  in  each  case  was  about 
1.7  seconds.  For  the  comparison  light  to  have  been  judged 
equal  to  it  would  have  necessitated  that  the  intensity  of  the  sen- 
sation aroused  by  the  standard  light  must  have  as  a  result  of 
adaptation  or  exhaustion  sunk  in  less  than  2  seconds  to  a  value 
equal  to  that  given  by  a  light  of  approximately  one  sixth  or  one 
seventh  its  intensity.  From  all  that  is  known  of  the  rate  of  loss 
of  sensitivity  due  to  exhaustion  this  seems  hardly  possible. 
There  is,  of  course,  the  possibility  that  in  the  adaptation  or  ex- 
haustion experiments  which  in  most  cases  have  not  been  done  in 
connection  with  experiments  for  the  determination  of  the  de- 
velopment-time, account  has  not  been  taken  of  the  rapid  fall  in 
intensity  that  occurs  just  after  the  maximum  time  has  been 
reached,  and  that,  this  loss,  due  to  exhaustion  in  a  given  interval 
of  time,  has  therefore  been  underestimated.  Such  a  possibility 
is,  however,  ruled  out  by  the  results  of  Broca  and  Sulzer  (See 
Fig.  Ill)  and  of  the  author  using  the  method  employed  by  them 
(see  Table  VIII  and  Fig.  XIII).  Remembering  that  the  adap- 
tation-time of  Broca  and  Sulzer  to  the  standard  light  was  at 
least  two  seconds  and  that  the  author's  adaptation  time  was  six 
seconds,  it  will  be  seen  that  here  we  never  have  a  loss  due  to 
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exhaustion  for  two  or  six  seconds  greater  than  that  given  by 
decreasing  the  light  one  half,  except  perhaps  in  the  case  of  blue 
and  white  for  the  highest  intensity  of  light  used.  (3)  Diirr  does 
not  give  a  specification  of  his  lights,  either  photometrical  or 
radiometrical;  apparendy,  however,  the  comparison  lights  used 
by  Diirr  were  of  very  low  intensity.  We  judge  this  to  be  the 
case  from  two  facts :  (a)  the  large  ratio  between  the  standard 
and  comparison  lights,  and  (b)  his  statement  that  the  comparison 
lights  were  of  such  low  intensities  that  there  was  not  enough 
color  present  to  make  the  photometric  comparison  with  a  white 
light  difficult  by  the  equality  of  brightness  method.  Whether 
or  not  the  low  intensity  of  the  comparison  light  sustains  any 
causal  relation  to  the  difference  in  the  results  obtained  by  him 
as  compared  with  others  we  are  not  at  present  able  to  state.  It 
can  be  affirmed,  however,  that  the  very  low  intensities  of  his 
comparison  lights  and  the  high  intensities  of  his  standard  lights 
would  affect  the  relative  rate  at  which  the  curve  A'B'C,  after 
its  highest  point  has  been  reached,  falls  away  from  the  curve 
ABC.  This  should  have  a  bearing  at  least  on  the  sensitivity  of 
the  method,  for  if  the  maximum  point  is  to  be  located  with  pre- 
cision, curve  A'B'C  should  after  its  brightest  point  has  been 
reached  fall  away  sharply  from  ABC  for  upon  this  difference 
depends  the  amotmt  by  which  the  exposure  time  must  be  changed 
bef  oi'e  the  comparison  sensation  becomes  noticeably  less  intensive 
than  the  standard  sensation. 

(5)  MacDougaU.  So  far  the  methods  discussed  have  con- 
formed to  two  general  types, — ^the  method  of  direct  comparison 
or  equality  of  brightness,  and  the  method  of  Exner  with  its 
modifications  by  Kunkel  and  Durr.  MacDougaU**  in  1904  in- 
troduces a  third  type.  Like  Exner's  his  method  may  be  classed 
as  an  indirect  method,  and  was  used  only  for  finding  one  point 
in  the  intensity  curve,  namely,  the  point  of  maximum  intensity. 
It  differs  from  Exner's  method,  however,  not  only  in  the  means 
of  detecting  the  point  of  maximum  intensity,  but  in  the  manner 
of  making  the  judgment. 

*»"The  Variation  of  the  Intensity  of  Visual  Sensations  with  the  Duration 
of  the  Stimulus."    British  Journal  of  Psychology,  1904,  I,  pp.  151-189. 
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MacDougall  gives  two  reasons  for  attempting  to  modify  the 
manner  of  making  the  judgment  The  first  is  a  wish  to  avoid 
the  effect  of  the  contrast  which  is  present  between  stimuli  simul- 
taneously presented.  It  is  difficult,  however,  to  get  his  point  of 
view  in  this  regard,  for  the  only  effect  of  simultaneous  contrast 
is  to  increase  the  sensitivity  of  the  judgment  and  therefore  to 
lower  the  actual  amount  of  change  that  is  needed  in  the  stimulus 
to  produce  a  just  noticeable  change  in  sensation.  That  is,  since 
stimulus  A  differs  from  stimulus  B  only  in  brightness  not  in 
color  value  the  only  chance  for  contrast  will  be  in  the  brightness 
aspect  of  the  sensation.  The  effect,  therefore,  will  be  only  to  in- 
crease the  effect  on  sensation  of  whatever  difference  there  is  in 
the  stimulus  and  thus  render  small  changes  more  readily  detect- 
able. In  fact,  it  is  just  this  condition  that  is  striven  for  in  the 
construction  of  the  better  class  of  photometer  heads  in  order  to 
increase  the  precision  and  sensitivity  of  the  judgmeiit.  The  evo- 
lution of  the  photometer  head  for  the  equality  of  brightness 
method  has  in  fact  consisted  largely  of  the  devdopment  of  this 
feature  alcMie.  In  this  connection,  compare,  for  example,  the 
precision  and  accuracy  of  judgment  with  the  type  of  head  used 
in  the  Rimiford  photometer,  in  which  the  fields  judged  are  so 
widely  separated  as  to  be  removed  from  all  contrast  effect  on 
each  other,  with  that  of  the  most  modem  type  of  Luftimer-Brod- 
hun  photometer,  in  which  the  fields  to  be  judged  are  so  arranged 
as  to  give  a  maximum  of  contrast  effect  of  the  two  fields  on  each 
other.  MacDougall's  second  reason  for  wanting  to  change  the 
method  of  making  the  judgment  was  because  of  his  behef  that 
it  was  unnecessarily  difficult.  The  judgment  of  two  stimuli  simul- 
taneously presented  for  so  short  a  time  he  thought  could  be 
made  with  less  accuracy  than  if  the  stimuli  were  presented  suc- 
cessively at  a  favorable  rate  for  a  number  of  times.  His  ap- 
paratus for  carrying  out  this  method  of  making  the  judgments 
consisted  of  a  large  wooden  disc  with  open  sectors  diametrically 
opposed  to  each  other,  the  size  of  which  could  be  varied  inde- 
pendently to  stimulate  the  eye  for  different  lengths  of  tirne.  This 
disc  was  rotated  in  front  of  a  milk  glass  plate  which  was  uni- 
formly illuminated  and  gave  the  stimuli  used  in  making  the  d6- 
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terminations.  During  one  rotation  of  the  disc  the  eye  was  thus 
exposed  to  the  illuminated  plate  twice,  each  exposure  being  for 
the  length  of  time  required  respectively  for  one  open  sector  to 
pass  in  front  of  the  plate.  The  eye  thus  received  in  alternation 
the  two  stimuli,  and  the  presentation  was  continued  until  a  satis- 
factory judgment  could  be  made.  Two  criticisms,  perhaps,  may 
be  passed  on  this  method  of  presenting  the  stimuli,  (a)  By  giv- 
ing the  stimuli  in  succession  rather  than  simultaneously  a  time 
error  was  involved  which  could  be  reduced,  of  course,  by  increas- 
ing the  rapidity  with  which  the  stimuli  were  presented;  but  (b) 
if  the  stimuli  were  given  in  rapid  succession  it  would  scarcely  be 
probable  that  each  excitation  would  be  uninfluenced  by  the  pre- 
ceding excitation.  There  are  two  ways  in  which  this  influence 
might  be  exerted,  (i)  The  after-effect,  positive  or  negative,  de- 
pending upon  the  interval  between  the  successive  exposures, 
might  modify  the  effect  of  the  succeeding  exposures;  and  (2) 
the  lag  in  the  response  might  itself  be  modified  by  a  repetition  of 
exposures  to  the  same  stimuli  either  through  the  carrying  over 
of  the  excitation  from  impression  to  impression  or  by  increasing 
the  excitability  of  the  light-sensitive  structures.  MacDougall's 
method  of  determining  the  point  of  maximum  sensation  is  as 
follows.  One  of  the  open  sectors  was  made  of  such  a  breadth 
that,  with  the  speed  of  rotation  used,  the  time  of  exposure  of 
the  eye  to  the  illuminated  plate  was  less  than  was  required  to 
arouse  the  maximum  response.  The  width  of  the  other  sector 
was  then  made  enough  greater  than  the  first  to  produce  a  just 
noticeable  difference  in  sensation.  Next  the  width  of  the  sec- 
ond sector  was  made  the  standard  and  the  width  of  the  first  was 
increased  until  a  just  noticeable  change  was  produced.  This 
alternative  use  of  the  two  sectors  as  standard  and  comparison, 
was  continued  until  the  maximum  was  reached.  So  long  as  the 
time  of  exposure  to  each  was  less  than  is  required  to  arouse  the 
maximum  response  in  sensation,  the  comparison  sensation  was 
judged  more  intense  than  the  standard.  When  this  time  had 
been  reached  for  the  standard  and  exceeded  by  the  comparison, 
the  comparison  was  judged  darker  than  the  standard.  The 
method  thus  affords  the  possibility  of  detecting  the  time  re- 
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quired  to  arouse  the  maximum  response  in  sensation  within  the 
limits  of  change  required  to  produce  a  just  noticeable  difference 
in  sensation.  MacDougall's  method  of  grouping  the  judgments 
for  the  purpose  of  detecting  the  maximum  is  obviously  much 
superior  to  his  method  of  presenting  the  stimuli  for  the  indi- 
vidual judgments. 

From  the  results  of  his  experiments  MacDougall  concludes 
that  the  time  required  for  white  light  to  arouse  its  maximum 
response  varies  directly  with  the  intensity  of  the  light  used;  and 
that  colored  lights  of  equal  photometric  value  all  require  the  same 
time  to  produce  their  maximum  effect  in  sensation. 

C.  Recapittdation.  It  has  long  been  recognized  that  the  visual 
sensation  does  not  come  at  once  to  its  maximum  value.  The 
fact  was  noted  by  Bacon  in  171 1,  by  Beudant  in  1815,  by  Plateau 
in  1834,  and  by  Swan  in  1849;  but  it  was  not  until  the  experi- 
ments of  Exner  in  1868,  that  the  work  of  determining  the  de- 
velopment-time of  visual  sensation  was  definitely  begun.  Vari- 
ous methods  have  been  used  by  different  investigators  and  dif- 
ferent results  have  been  obtained.  As  stated  in  the  introductory 
chapter,  this  is  one  of  the  reasons  that  has  induced  us  to  take 
up  the  problem  anew.  In  general  two  classes  of  methods  have 
been  used,  the  direct  and  the  indirect.  Under  the  first  dass  may 
be  included  the  methods  used  by  Swan,  Charpentier,  Lough, 
Broca  and  Sulzer,  Martins,  Biichner,  and  Berliner;  and  under 
the  second,  the  methods  of  Exner,  Lamansky,  Kunkd,  Diirr, 
and  MacDougall.  No  two  of  these  methods  have  been  the  same 
in  all  essential  details  and  little,  if  any,  systematic  attention  has 
been  given  by  the  individual  investigators  to  a  comparative  study 
of  methods.  Moreover,  the  control  and  specification  of  condi- 
tions has  not  been  such  that  a  comparison  can  be  made  from 
their  published  works.  Without  further  experimental  work, 
then,  a  decision  is  impossible  between  the  conflicting  results  that 
have  been  obtained.  The  chief  points  of  interest  in  the  earlier 
investigations  have  been  as  follows, — (i)  A  comparison  of  the 
times  required  for  the  different  color  sensations  to  reach  their 
maximum;  (2)  a  comparison  of  this  time  with  the  time  required 
for  colorless  sensation;  and  (3)  a  determination  of  the  effect  of 
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the  intensity  of  the  light  on  the  time  required  for  a  sensation  to 
reach  its  maximum.  With  regard  to  these  points  there  has  been 
the  widest  disagreement,  especially  with  regard  to  the  first. 
Kunkel,  Lamansky,  Broca  and  Sulzer,  and  Martius,  for  example, 
found  that  the  different  sensations  of  color  require  different 
lengths  of  time  to  reach  their  maximum;  while  MacDougall, 
Durr,  and  Berliner  concluded  that  the  development  time  is  in- 
dependent of  the  color  value  of  the  sensation.  Furthermore, 
with  regard  to  this  point  a  great  deal  of  disagreement  in  detail 
is  found  even  among  those  who  have  agreed  on  the  more  gen- 
eral aspect  of  the  question.  That  is,  while  Diirr,  Berliner,  and 
MacDougall  agree  that  all  the  colors  come  to  their  maximum  in 
the  same  length  of  time,  they  disagree  with  regard  to  the  value 
which  should  be  assigned  to  that  time;  and  while  Kunkel,  La- 
mansky,  Broca  and  Sulzer,  and  Martius  agree  that  the  colors  all 
require  different  lengths  of  time  to  reach  their  maximum,  they 
disagree  both  with  regard  to  the  length  of  time  which  is  required 
and  to  the  order  in  which  the  colors  should  be  placed  with  regard 
to  the  time  that  is  required.  Only  the  last  of  these  points  of 
disagreement,  the  order  of  rapidity  with  which  the  colors  came 
to  their  maximum,  will  be  considered  here.  For  a  detailed  com- 
parison of  the  individual  value  of  the  time  required  the  reader  is 
referred  to  Table  VI.  For  Kunkel  red  produced  its  maximum 
effect  in  sensation  the  most  quickly,  blue  next,  and  green  the  least 
quickly;  for  Lamansky  red  was  the  slowest  of  the  three  to  come 
to  its  maximum;  and  for  Broca  and  Sulzer  the  order  from 
fastest  to  slowest  was  blue,  green,  and  red.  In  the  work  of 
Broca  and  Sulzer  alone,  the  colors  were  equated  in  brightness. 
For  the  others  with  the  exception  of  Martius,  not  even  a  rating 
of  the  colors  in  order  of  brightness  can  be  given.  Martius' 
colors'  from  lightest  to  darkest  were  yellow,  green,  blue  and  red. 
The  four  men  who  have  worked  both  with  white  and  colored 
lights  have  agreed  that  there  is  a  characteristic  difference  in  the 
time  required  for  the  two  kinds  of  light  to  produce  their  maxi- 
mum effect  in  sensation.  Again,  however,  there  is  quite  a  wide 
disagreement  with  regard  to  what  value  should  be  assigned  to 
this  difference.    Diirr  found,  for  example,  that  colored  light  re- 
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quires  approximately  twice  as  long  to  produce  its  maximu|n 
effect  in  sensation  as  white  light;  for  MacDougall  and  Martius 
the  time  which  is  required  for  a  colored  light  to  produce  its 
maximum  effect  lies  within  the  range  of  values  pbtained  for  the 
different  intensities  of  white  light  used,  and  for  ^roca  and  Sul- 
zer,  the  time  required  for  white  light  to  arouse  its  maximum  re- 
sponse is  longer  than  for  blue,  and  shorter  than  for  red  and 
green.  A  fair  comparison,  however,  cannot  be  made  from  the 
results  qbtained  by  Martins,  Durr,  and  MacDougall  because 
they  have  made  no  attempt  to  specify  the  intensities  of  their 
colored  lights. 

Concerning  the  last  point  mentioned  above  there  is  more 
agreement  than  for  the  other  two.  Diirr  alone  of  those  who 
have  made  the  determi]:iations  of  the  time  required  for  the  sen- 
sation to  reach  its  maximum,  has  found  that  the  time  is  inde- 
pendent of  the  intensity  of  light  used.  For  white  light  his  re- 
sults are  contradicted  by  those  of  Exner,  Broca  and  Sulzer, 
Martins,  MacDougall,  Charpentier,  Lough,  and  Berliner;  and 
for  colored  light  by  those  of  Kunkel,  Broca  and  Sulzer,  and 
MacDougall.  Swan  alone  agrees  with  him,  and  Swan,  it  will 
be  remembered,  came  to  his  conclusions  only  from  some  rough 
experiments  with  reference  to  the  effect  of  short  exposures  on 
the  eye's  response.  The  experimental  determination  of  the  time 
required  for  the  sensation  to  reach  its  maximum  was  not  made 
by  him  nor  was  systematic  work  done  for  times  of  exposure 
shorter  than  this. 

In  order  to  bring  all  the  foregoing  facts  into  a  briefer  com- 
pass for  the  sake  of  a  more  ready  comparison  Table  VI  has 
been  compiled.  This  table  shows  the  range  of  work  covered  by 
each  investigator  and  within  what  limits  the  results  obtained 
vary. 
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III.     EXPERIMENTAL 
A.     Purpose  of  Im/esHgation 

As  stated  in  our  introductory  chapter  the  plan  of  this  in- 
vestigation includes  the  following  points,  (i)  An  experimental 
examination  of  the  older  types  of  method  will  be  conducted,  to 
find  out  which  have  sufficient  feasibility  and  precision,  to  war- 
rant their  further  use  in  connection  with  our  work  on  the  prob- 
lem. (2)  A  comparative  determination  of  the  relative  lag  of 
colored  and  colorless  sensation  with  lights  of  the  same  photo- 
metric value,  for  the  same  observers,  under  the  same  experi- 
mental conditions  will  be  made  by  the  methods  selected.  And 
(3)  the  determination  will  be  made  by  three  new  methods.  By 
this  plan  it  is  hoped  that  the  following  objects  will  be  accom- 
plished, (a)  Not  only  will  more  accurate  knowledge  be  gained 
of  the  time  required  for  the  visual  sensations  to  come  to  their 
maximum,  but  a  comparison  of  values  will  be  made  during  the 
course  of  their  rise,  (b)  Data  will  be  obtained  which  are  di- 
rectly applicable  to  photometric  methods  in  the  interest  of  which 
primarily  the  study  was  undertaken.  And  (c)  through  the  in- 
tercomparison  of  methods  with  the  same  observer  and  tmder  the 
same  experimental  conditions  a  selection  will  be  made  of  those 
which  combine  the  following  features:  logical  sureness,  pre- 
cision, and  convenience  and  feasibility  of  application.'^ 

»*  For  example,  in  studying  the  conditions  which  decrease  the  power  of  the 
eye  to  sustain  clear  seeing  under  different  lighting  conditions  two  factors 
should  be  taken  into  account, — the  depression  of  retinal  functioning,  and  the 
depression  of  muscular  functioning.  (For  a  description  of  tests  for  depres- 
sion of  muscular  functioning,  see  C.  E.  Ferree :  'Transactions  of  the  Illumi- 
nating Engineering  Society,"  1913,  VIII,  pp.  40-60.  Also  C  E.  Ferree  and  G. 
Rand,  ibid,  1915,  X,  pp.  410-413  and  454-491;  1916,  XI,  pp.  1122-1130.) 

A  depression  of  retinal  functioning  may  show  itself  in  any  or  in  all  of  the 
following  ways:  (i)  A  lessening  in  sensitivity  to  colored  or  colorless  lights 
as  tested  by  the  momentary  responses ;  (2)  an  increased  susceptibility  to  ex- 
haustion or  fatigue;  (3)  a  decreased  rate  of  recovery  from  fatigue; 
and    (4)    an   increased  inertia   or   lag   in   giving  the   maximum   response. 
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B.  New  Methods  of  Making  the  Determination 

The  new  methods  which  are  being  presented  here  for  the  first 
time,  are  designed  not  only  to  ascertain  the  time  in  which  a 
given  stimulus  produces  its  maximum  effect  in  sensation,  but  also 
to  make  possible  a  comparison  of  the  effects  produced  at  dif- 
ferent times  before  the  maximum  effect  is  attained.  There  are 
two  possibilities  of  making  accurate  and  reproducible  judgments 
of  sensation,  namely,  the  judgments  of  equality  and  of  just 
noticeable  difference.  Upon  these  judgments  must  all  quanti- 
tative work  in  psychology  ultimately  rest.  Both  of  them  have 
been  utilized  in  the  development  of  the  methods  mentioned 
above.  The  development  of  these  methods  has  in  fact  been  just 
the  systematic  application  of  these  two  judgments  to  the  problem 
in  question,  in  accord  with  the  purposes  mentioned  at  the  be- 
ginning of  the  paragraph. 

(i)  Method  /."  This  is  a  direct  method  and  from  its  simi- 
larity to  the  photometric  method  of  the  same  name  it  may  be 
called  a  direct  comparison,  or  equality  of  brightness  method. 
The  principal  feature  of  this  method  is  to  establish  a  series  of 
standard  sensations  graded  in  brightness  to  which  the  sensation 
whose  temporal  course  is  under  investigation  may  be  matched  at 
various  points  in  its  rise  to  the  maximum.  In  a  previous  chap- 
ter we  have  pointed  out  that  Broca  and  Sulzer,  Buchner,  Lough, 
Berliner,  Charpentier,  and  Martins  failed  to  provide  such 
a  series  of  standard  sensations  graded  in  brightness  and  have  in- 
dicated in  each  case  wherein  the  deficiency  lay.  Obviously  such 
a  standard  may  be  obtained  by  establishing  a  reproducible  series  of 
just  noticeable  differences  in  sensation  for  the  same  wave-lengths 
of  light  that  arouse  the  sensation  whose  development  is  to  be 

Tests  covering  the  first  three  of  the  above  points  are  already  in  use  in  this 
laboratory.  It  would  add  mafterially  to  the  completeness  of  our  equipment 
for  this  work,  if  a  method  which  is  suflkiently  brief  and  convenient  in 
application  to  suit  the  purposes  of  a  laboratory  test,  could  be  found  for  the 
fourth  point 

Up  to  tliis  time,  we  regret  to  say,  our  use  of  the  older  methods  has  been 
attended  with  somewhat  discouraging  results. 

*^For  the  suggestion  of  Method 'i  and  Method  2  the  author  is  indebted  to 
Dr.  Ferrce. 
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investigated.  This  series  should  begin  at  zero  and  rise  to  a  value 
as  high  at  least  as  the  maximum  for  the  sensation  under  investi- 
gation. 

Before  going  further  into  the  details  of  this  new  application 
of  the  equality  of  brightness  judgment  to  the  work  of  determin- 
ing lag  a  word  of  general  perspective  may  not  be  out  of  place 
even  at  the  risk  of  involving  repetition.  As  we  have  pointed 
out  in  the  preceding  chapter,  the  difference  in  the  problems  to 
which  this  judgment  is  applied  when  it  is  based  on  making  a 
photometric  comparison  of  two  light  intensities  and  when  it  is 
used  in  detecting  the  lag  in  sensation,  should  be  kept  clearly  in 
mind.  In  the  former  case  the  eye  is  exposed  to  the  standard 
and  comparison  lights  for  equal  intervals  of  time  and  therefore 
no  account  need  be  taken  of  the  changing  effect  on  sensation  of 
different  lengths  of  exposure.  In  the  latter  case  the  eye  must 
be  exposed  to  the  standard  and  comparison  lights  for  different 
intervals  of  time,  and  the  changing  effect  on  sensation  of  differ- 
ent lengths  of  exposure  is  of  great  importance.  In  the  former 
case,  too,  sensations  are  matched  with  the  object  of  equalizing 
light  intensities  and  of  giving  a  relative  rating  of  the  two  light 
sources;  in  the  latter,  the  problem  ends  with  the  matching  of  the 
comparison  to  the  standard  sensation.  In  some  respects  the 
problem  in  the  latter  case  is  essentially  simpler  than  in  the  for- 
mer for  a  rating  of  light  sources  in  terms  of  their  power  to 
arouse  equal  sensation  values  at  the  photometer  screen  is  not 
required.  It  is  more  complicated,  however,  in  that,  if  the  bright- 
ness of  sensations  aroused  by  different  lengths  of  exposure  to 
the  comparison  light  are  to  be  compared,  the  sensation  aroused 
by  the  standard  light  must  have  a  definite  place  in  a  graded 
series.  That  is,  if  the  sensations  aroused  by  the  comparison  lights 
are  to  be  graded  from  minimum  to  maximum,  the  method  must 
provide  a  series  of  standard  sensations  graded  in  brightness  to 
which  the  comparison  sensation  for  the  different  lengths  of  ex- 
posure may  be  matched.  In  the  use  of  this  method  by  previous 
investigators,  as  we  have  already  noted,  such  a  series  of  graded 
standard  sensations  has  not  been  provided.  In  theif  work  th« 
rating  of  the  comparison  sensation  was  in  terms  of  a  series  o£ 
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standard  stimuli  and  a  proportional  rating  was  assumed  lot  the 
sensations  aroused  by  these  stimuli,  in  spite  of  the  fact  that  in 
some  of  the  cases  the  eye  was  exposed  for  different  lengths  of 
time  to  the  standard  stimulus  and  in  all  cases  no  account  was 
taken  of  the  comparative  rates  of  exhaustion  of  the  eye  to  light 
of  different  intensities  and  of  different  wave-lengths.  It  is  in 
fact  for  the  purpose  of  establishing  directiy  a  series  of  standard 
sensations,  graded  in  brightness  and  obtained  with  a  standard 
time  of  exposure,  that  we  have  taken  up  the  method  anew.  In 
establishing  this  series  the  rating  will  be  made  directly  in  terms 
of  sensation.  It  will  not  be  assumed  from  intensity  relations 
existing  between  the  stimuli  as  has  been  done  in  previous  work, 
in  which  in  one  case  at  least  the  decay  of  sensation  was  disre- 
garded altogether  (Broca  and  Sulzer),  and  in  all  of  the  others 
no  account  was  taken  of  the  variability  in  the  rate  of  decay  with 
lights  of  different  intensities.  Obviously  the  just  noticeable  dif- 
ference series,  previously  mentioned,  should  furnish  the  standard 
needed.  This  series  should  be  for  the  same  wave-lengths  of  light 
which  are  used  to  arouse  the  comparison  sensation,  and  should 
begin  at  zero  and  rise  to  a  value  as  high  at  least  as  the  maximum 
of  the  sensation  whose  development  is  under  investigation.  How 
such  a  series  may  be  established,  will  be  understood  better  in  de- 
tail when  we  come  to  a  description  of  the  apparatus.  It  will  be 
sufficient  to  say  at  this  point  only  the  following.  Two  contiguous 
comparison  surfaces  are  provided,  either  of  which  may  be  illumi- 
nated by  the  standard  light  in  slightly  var3ring  amounts.  In  the 
beginning,  for  example,  surface  i  is  dark  and  surface  2  is  illumi- 
nated until  it  is  just  noticeably  lighter  than  surface  i.  Surface 
2  is  then  made  the  standard  and  the  light  is  increased  on  surface 
I,  until  it  is  just  noticeably  lighter  than  surface  2 ;  and  so  on,  un- 
til the  desired  number  of  just  noticeably  different  brightnesses 
are  obtained.  In  each  case  a  record  must  be  kept  of  the  precise 
amount  of  light  used  for  each  member  of  the  series,  and  of  the 
lengh  of  time  of  exposure  which  should  preferably  be  kept  con- 
stant. In  the  following  experiments  the  first  of  these  require- 
ments was  attained  by  means  of  a  double  micrometer  slit,  ad- 
justable to  thousandths  of  a  millimeter,  which  was  placed  in  the 
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end  of  the  collimating  tube  of  the  spectroso^e.  A  very  impor- 
tant feature  of  the  method  is,  of  course,  some  means  of  guar- 
anteeing the  reproducibility  of  the  series  of  standard  sensations.'^ 
This  we  believe  can  be  done  for  a  practised  observer  within  the 
limits  of  certainty  that  are  accepted  in  making  many  physical  de- 
terminations. For  example,  the  sensitivity  of  a  delicate  galvan- 
ometer (of  the  Paschen  type,  for  example),  may  vary  from  day 
to  day  and  for  this  reason  a  check  is  made  on  its  sensitivity  prior 
to  the  measurement  of  an  unknown  current.  That  is,  the  instru- 
ment is  provided  with  a  sensitivity  tester  and  tests  are  made  as 
the  need  of  the  work  requires..  This  can  be  done  also  for  the 
eye.  That  is,  like  the  galvanometer,  if  the  sensitivity  of  the  eye 
varies  from  day  to  day,  its  scale  of  responses  will  vary  corre- 
spondingly, but  just  as  a  check  may  be  had  on  the  sensitivity  of 
the  galvanometer,  so  may  it  be  had  on  the  eye.**  This  may  be 
accomplished  in  the  following  way.  As  a  preparation  for  the 
work  the  just  noticeable  difference  series  should  be  determined 
until  a  high  degree  of  reproducibility  is  obtained  from  series  to 
series.  When  a  satisfactory  degree  of  practice  is  reached  it  will 
probably  be  sufficient  prior  to  a  given  experiment  to  conduct  a 
brief  test  to  see  that  the  sensitivity  of  the  eye  of  the  observer  has 
not  changed.  This  would  probably  consist  of  a  test  of  the  scale 
at  only  one  or  two  points.  One  is  usually  considered  sufficient 
in  the  case  of  a  galvanometer,  for  example,  but,  if  this  is  not 
sufficient,  it  does  not  take  long  for  a  practised  observer  to  run 
over  the  whole  scale.    This  has  the  advantage  that,  if  the  sen- 

s^The  accumulated  error  through  a  series  with  a  practised  observer  has 
never  amounted  to  a  just  noticeable  difference.  For  example,  an  intensity  of 
stimulus  which  has  at  times  given  eight  just  noticeable  differences  of  sensa- 
tion has  never  at  another  time  given  seven  or  nine  just  noticeable  differences. 
That  is,  the  points  in  the  sensation  and  stimulus  series  may  vary  from  sitting 
to  sitting  but  never  as  much  as  is  represented  by  &  just  noticeable  difference 
in  sensation. 

88  xt  should  not  be  understood  that  we  wish  to  carry  this  analogy  too  far. 
If,  for  example,  the  sensitivity  of  the  galvanometer  changes  from  day  to  day, 
a  corrective  factor  can  be  determined  and  applied  to  convert  the  variable  de- 
flections into  some  value  taken  as  a  standard.  The  correction  of  the  eyes  to 
a  standard  sensitivity  can  not,  of  course,  be  done,  as  yet.  All  that  can 
be  done,  is  to  refrain  from  working  when  the  test  shows  a  significant  change 
in  the  eye's  sensitivity. 
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sitivity  of  the  eye  has  changed,  a  new  scale  of  sensitivity  is 
established  which  can  be  used  for  that  particular  time  and  ex- 
periment. With  a  practised  observer  and  the  proper  control  of 
conditions  we  have  found  so  little  variation  in  the  series  from 
time  to  time  that  the  check  provided  by  the  briefer  test  has  been 
amply  sufficient. 

Once  the  standard  series  of  sensation  is  established  the  points 
in  the  rise  of  the  comparison  sensation  to  its  maximum  may  be 
determined  in  either  of  the  following  ways,  (i)  The  standard 
series  may  be  reproduced,  point  by  point,  and  the  exposure  time 
of  the  comparison  light  be  adjusted  until  the  sensation  aroused 
just  matches  the  standard  sensation;  or  (2)  the  inverse  of  this 
procedure  may  be  used.  That  is,  different  exposure  times  may 
be  selected  for  the  comparison  light  and  a  member  be  selected 
from  the  standard  series  which  matches  it.  In  either  way  the  re- 
sulting values  of  the  sensations  aroused  by  different  intervals  of 
exposure  of  the  comparison  light  may  be  rated  within  a  limit  of 
accuracy  which  falls  at  any  point  within  a  just  noticeable  differ- 
ence of  sensation.  The  method  permits  then  of  placing  in  a  just 
noticeable  difference  series  the  sensation  aroused  by  exposing 
the  eye  to  a  given  intensity  and  composition  of  light  for  differ- 
ent intervals  of  time.  It  also  permits  us  to  compare  in  case  of 
lights  of  different  composition  the  intervals  of  exposure  required 
to  give  us  the  third,  fourth,  etc.,  just  noticeable  difference  in  the 
brightness  scale;  and,  if  we  are  allowed  to  assume  that  bright- 
ness values  which  are  three,  etc.,  just  noticeable  differences  re- 
moved from  zero  are  equal,  we  should  be  able  to  detrmine  what 
lengths  of  exposure  for  the  different  wave-lengths  of  light  are 
required  to  produce  equal  sensation  values.  Repeated  trials  have 
lead  us  to  believe  that  this  assumption  is  in  most  cases  justifiable. 
That  is,  repeated  trials  have  shown  that  a  sensation  of  any  color, 
built  up  by  getting  three  just  noticeable  differences  from  zero 
matches  in  brightness  the  sensation  of  another  color,  also  built 
up  by  getting  the  third  just  noticeable  difference  from  its  zero. 

(2)  Method  2,  This  may  be  classed  as  an  indirect  method 
and  rests  on  the  fundamental  assumption  that  the  more  intense 
a  sensation  is,  the  greater  will  be  the  number  of  just  noticeable 
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differences  between  it  and  the  zero  sensation.  That  is,  consider- 
ing the  principle  in  relation  to  the  determination  of  the  time  re- 
quired ior  a  sensation  to  reach  its  maximum  brightness,  we 
would  assume  that  the  time  of  exposure  which  would  give  the 
greatest  number  of  just  noticeable  changes  in  brightness  for  a 
stimulus  of  a  given  value,  is  the  interval  which  would  cause  that 
light  to  arouse  its  maximum  brightness  response  in  sensation. 
In  this  method,  a  series  of  just  noticeable  differences  is  made  for 
the  appropriate  range  of  time  of  exposure.  In  each  series  of 
measurements  the  time  of  exposure  is  kept  constant;  and  the 
stimulus  is  varied  from  the  zero  value  to  the  intensity  of  light 
under  investigation  and  the  number  of  just  noticeable  changes  in 
brightness  is  determined.  The  time  iQf  exposure  which  gives  the 
greatest  number  of  just  noticeable  changes  in  brightness  for  a 
given  intensity  of  light,  is  considered  to  be  the  time  most  favor- 
able for  light  of  that  intensity;  in  other  words,  the  time  which 
just  allows  the  sensation  to  reach  its  maximum  brightness.  Be- 
sides determining  for  us  the  time  of  exposure  which  gives  us  the 
maximum  brightness  the  method  also  provides  a  means  of  rating 
the  sensation  values  for  different  times  of  exposure  in  terms  of 
just  noticeable  differences  from  the  zero  value.  It  allows,  there- 
fore, an  opportunity  for  an  inter-comparison  among  the  colors 
of  the  effect  of  time  of  exposure  on  the  brightness  value  of  the 
sensation.  The  comparison  is  made  in  terms  of  just  noticeable 
differences  from  the  zero  values.  For  example,  from  the  re- 
sults we  may  determine  what  lengths  of  exposure  give  sensations 
which  represent  an  equal  number  of  just  noticeable  brightness 
changes  from  the  zero  value;  or  what  is  perhaps  less  sure  logi- 
cally, the  relative  rating  of  the  different  color-sensations  for  equal 
times  of  exposure  in  terms  of  just  noticeable  changes  from  the 
zero  value  of  sensation. 

(3)  Method  5.**  With  a  logical  sureness  and  accuracy  equal 
to  any  of  the  longer  methods  described  above,  this  method  com- 
bines much  greater  ease  and  convenience  of  application.  The 
length  of  time  required  to  make  the  determinations  and  the  ease 
with  which  they  may  be  made,  renders  it  in  fact  feasible  as  a 

3^  For  the  suggestion  of  this  method  the  author  is  indebted  to  Dr.  Rand. 
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practical  laboratory  test  for  changes  in  retinal  functioning  (See 
this  paper,  p.  44).  As  was  the  case  in  Method  2,  the  judgments 
made  are  of  just  noticeable  changes  in  sensation;  but  the  changes 
are  produced  by  var)ring  the  time  of  exposure,  instead  of  the 
intensity  of  the  stimulus.  Consequently,  just  as  the  former 
might  be  called  an  intensity  just  noticeable  difference  method^ 
so  might  this  be  called  a  time  just  noticeable  difference  method. 
That  is,  in  this  method,  the  just  noticeable  changes  in  terms  of 
which  the  sensation  is  graded  in  its  rise  to  the  maximum,  are 
produced  directly  by  varying  the  time  of  exposure.  The  series 
is  started  with  a  zero  value  of  time  of  exposure  to  the  light  in 
question,  as  standard;  and  the  time  of  exposure  of  the  compari- 
son light  is  varied,  until  a  just  noticeable  sensation  is  produced. 
This  is  then  made  the  standard  for  the  next  observation,  and  the 
time  of  exposure  of  the  first  light  is  varied  imtil  the  sensation 
produced  is  just  noticeably  brighter  than  the  standard.  So  long 
as  the  comparison  is  brighter  than  the  standard,  it  is  obvious 
that  the  maximum  response  in  sensation  has  not  been  reached. 
When  it  has  been  reached,  the  standard  and  comparison  are 
judged  equal;  and,  when  it  has  been  exceeded,  the  comparison  is 
judged  darker  than  the  standard.  FrcMn  the  results  obtained  by 
the  series  the  following  points  may  be  determined, — (a)  the  time 
required  for  the  stimulus  light  to  arouse  its  maximum  effect 
within  the  limits  of  a  just  noticeable  difference;  (b)  the  relative 
values  of  the  sensation  in  a  just  noticeable  difference  series,  as  it 
rises  to  its  maximum;  and  (c)  a  comparison  of  the  intervals 
of  exposure  required  for  lights  of  different  color  to  arouse  sen- 
sations representing  an  equal  number  of  just  noticeable  changes 
in  brightness  from  the  zero  of  sensation.  If  only  the  time  re- 
quired to  give  the  maximum  response  is  wanted,  the  series  may 
be  abbreviated.  That  is,  it  may  not  be  started  at  the  zero  value; 
but  at  some  point  above  this,  safely  below  the  point  of  maximum 
sensation.  This  abbreviation  would  lessen  a  great  deal  the  labor 
involved  in  making  the  test  and  would  give  as  a  result  probably 
all  that  need  be  known  to  make  the  test  meet  the  practical  pur- 
poses mentioned  at  the  beginning  of  this  section.  So  modified, 
this  test  is  the  shortest  and  most  feasible  of  any  that  we  have  as 
yet  been  able  to  devise. 
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C.  Apparatus 

It  is  obvious  that  in  order  to  use  all  of  the  methods  described 
above,  we  must  be  able  to  produce  two  stimuli,  independently 
variable  in  intensity,  identical  in  composition,  and  for  color  work 
as  nearly  homogeneous  in  wave-length  as  is  possible.  We  must 
also  be  able  to  present  these  stimuli  to  contiguous  parts  of  the 
retina  and  to  vary  their  periods  of  exposure  independently  by 
known  amounts  and  within  wide  limits.  The  description  of  the 
apparatus  which  was  adopted  as  best  suited  for  the  carrying  out 
of  these  methods  naturally  divides  itself  into  two  parts, — (i) 
the  apparatus  for  obtaining  the  two  stimuli  and  var3ring  their 
intensity;  and  (2)  the  apparatus  for  presenting  the  stimuli  to 
the  eye  and  for  controlling  the  time  of  exposure. 

The  apparatus  used  for  obtaining  the  two  monochromatic 
lights  and  for  varying  their  intensity  independently  and  by 
known  amounts  has  been  used  for  several  years  in  this  labor- 
atory for  work  on  the  color  sensitivity  of  the  retina.  The  ap- 
paratus for  presenting  these  lights  to  the  eye  and  controlling  the 
time  of  exposure  was  designed  especially  for  this  work. 

In  order  that  the  detailed  description  which  will  follow  may 
be  better  understood,  it  has  been  thought  advisable,  first,  to  trace 
schematically  the  course  of  the  ray  of  light  from  the  Nemst 
filament,  which  serves  as  a  source,  to  the  eye  of  the  observer. 
This  has  been  done  in  Figure  XII. 

The  light  from  the  Nernst  filament  (N)  passes  through  the 
double  slit  (Si)  and  is  rendered  parallel  by  the  collimating  lens 
(Li).  It  then  passes  through  the  carbon  bisulphide  prism  (P), 
and  the  lens  (L2)  focuses  the  resulting  spectrum  in  the  plane 
of  the  analysing  slit  (S2).  The  monochromatic  light  emerging 
from  this  slit  is  focused  by  lens  (Ls)  in  the  plane  of  the  disc 
(D).  Spreading  from  the  plane  of  this  disc,  the  light  is  again 
focused  by  the  lens  (L4)  forming  an  image  of  the  analysing  slit 
(Sa)  on  a  mat  white  surface  at  the  back  of  the  box  (B).  This 
image  is  observed  through  a  tube  (Ts)  at  the  opposite  end  of 
the  box. 

(i)  Apparatus  for  Obtaining  the  Stimuli  and  Varying  their 
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Intensity.  The  apparatus  for  obtaining  the  two  stimuli  and 
varying  their  intensities  has  already  been  described."  A  part 
of  this  description  may  be  quoted  here: 

(a)  "The  Source  of  Light. — ^The  requirements  of  a  source 
for  our  purpose  are  (a)  that  it  should  give  a  light  in  which  all 
the  wave-lengths  are  represented  in  sufficient  strength  both  for 
the  needs  of  the  investigation  of  color  sensitivity  and  for  radio- 
metric standardization;  and  (b)  that  the  light  emitted  shall  be 
as  constant  as  possible  in  intensity  and  spectro-radiometric  com- 
position. After  trying  many  light  sources  we  have  finally 
adopted  as  best  for  our  purpose  the  Nemst  filament.  This 
filament,  after  having  been  properly  seasoned,  gives  a  light  which 
changes  comparatively  little  through  long  intervals  of  time.  It 
has  the  advantage,  moreover,  that  its  shape  well  adapts  it  for 
use  with  the  slit  of  the  spectroscope,**  i.e.,  the  shape  is  such  as 
to  make  it  possible  to  utilize  for  the  illumination  of  the  face  of 
the  prism  a  relatively  large  proportion  of  the  light  emitted.  Also 
by  increasing  the  length  of  the  filament  and  collimator  slit,  it  is 
possible  to  increase  in  direct  ratio  the  amount  of  light  falling  on 
the  face  of  the  prism.    When  in  use,  in  order  that  no  light  shall 

»»C.  K  Fcrree  and  G.  Rand :  "A  Spectroscopic  Apparatus  for  the  Investiga- 
tion of  the  Color  Sensitivity  of  the  Retina,  Central  and  Peripheral,"  Journal 
of  Experimental  Psychology,  1916,  I,  pp.  247-283. 

s^The  filament  is  supported  by  two  stiff  wires  extending  out  from  the  lamp 
socket  and  when  in  use  is  as  nearly  as  possible  in  the  plane  of  the  slit. 
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be  lost  in  passing  through  one  or  more  condensing  lenses,  the 
filament  is  mounted  as  closely  as  possible  to  the  jaws  of  the  slit. 
The  filament  is  mounted  in  a  lamp  socket  fastened  to  an  upright 
In  order  that  the  height  of  the  filament  shall  be  adjustable  this 
upright  consists  of  a  short  rod  sliding  in  a  tube  fitted  with  collar 
and  set  screw  which  permits  of  a  movement  of  the  socket  up  and 
down,  also  to  right  and  left.  The  upright  is  fastened  to  the 
horizontal  support,  extending  out  from  the  collimator  arm  of  the 
spectroscope  by  a  clamp  and  set  screw  which  permits  of  the  mo- 
tion of  the  socket  to  right  and  left  and  to  and  from  the  colli- 
mator slit.  The  Nemst  filament  used  by  us  is  designed  to  be 
operated  at  no  volts  on  a  D.  C.  current,  and  has  a  carrying  ca- 
pacity rated  at  1.2  amperes.  When  operated  at  its  maximum 
capacity  on  a  direct  current,  we  have  fotmd,  however,  that  the 
life  of  the  filament  is  short.  Satisfactory  results  have  been  ob- 
tained by  us  only  wheii  it  is  Operated  at  of  below  0.6  amperes. 
In  series  with  the  ballast,  therefore,  which  is  ordinarily  used  for 
the  reduction  of  the  current  from  the  line  and  to  ccmipensate  for 
the  change  in  the  resistance  of  the  Nemst  material  as  its  temper- 
ature varies,  we  have  found  it  necessary  to  use  additional  resis- 
tance. This  resistance  is  needed  not  only  to  cut  down  the  cur- 
rent to  the  desired  value,  but  to  correct  for  fluctuations  in  the 
line.  Two  coils  are  employed,  one  coarse  and  one  fine.  The 
former  is  used  to  cut  down  the  current  to  approximately  the  de- 
sired value,  and  the  latter  to  correct  for  the  fluctuations  in  the 
line.  Both  are  in  the  form  of  adjustable  rheostats.  The  sec- 
ond is  of  special  construction  to  give  the  small  changes  needed. 
It  consists  of  a  cylindrical  coil  of  wire  wound  on  an  insulated 
core  of  brass  tubing  and  is  operated  by  a  screw  motion  in  such 
a  way  as  to  give  the  effect  of  a  slider  on  a  single  wire.  This 
rheostat  is  described  in  greater  detail  on  p.  275.  It  is  not  on 
the  market  but  can  readily  be  constructed  to  order  by  a  laboratory 
mechanician.  The  finely  graduated  control  afforded  by  it  not 
only  makes  it  possible  to  correct  for  fluctuations  in  the  line,  as 
is  stated  above,  but  also  to  compensate  for  the  slow  decrease  in 
the  carrying  capacity  of  the  Nernst  material  with  use.  The  cur- 
rent consumed  is  measured  by  a  Weston  ammeter  graduated  to 
0.02  amperes.  Operated  with  this  type  of  control  the  light  flux 
obtained  from  the  Nemst  may  be  kept  constant  within  the  limit 
of  change  that  can  be  detected  either  by  the  radiometer  or  the 
eye. 

(b)  "The  Spectroscope. — In  addition  to  the  usual  features  at- 
taching to  a  good  spectroscope,  our  instrument  was  designed 
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especially  to  meet  the  following  needs,  (i)  To  answer  all  the 
purposes  for  which  a  source  of  colored  light  may  be  used  in  the 
investigation  of  color  sensitivity,  a  wide  range  of  intensity  is 
needed.  In  order  too  that  an  adequate  radiometric  standardiza- 
tion be  made,  it  is  especially  desirable  that  light  of  high  intensity 
be  available.  (2)  If  the  spectroscope  is  to  be  used  in  conjunc- 
tion with  a  campimeter,  it  is  necessary  that  the  objective  arm 
remain  in  a  fixed  relation  to  the  stimulusHDpening  of  the  campi- 
meter screen  and  that  some  convenient  and  accurate  means  be 
had  of  changing  the  wave-lengths  without  changing  the  position 
of  the  objective.  The  first  of  the  needs  was  met  by  employing  a 
colimator  slit  long  enough  to  admit  the  amount  of  light  needed, 
and  a  prism  and  lenses  large  enough  to  take  care  properly  of  the 
amount  of  light  admitted.  The  second  point  has  been  met  by  us 
in  the  two  following  ways,  one  of  which  is  technically  more  cor- 
rect perhaps  than  the  other,  (a)  The  spectroscope  was  mounted 
on  a  stationary  base  supported  by  levelling  screws.  In  fixed 
relation  to  this  base  a  slit  was  permanently  mounted  to  separate 
out  the  wave-lengths  which  are  to  fall  on  the  stimulus-opening 
in  the  campimeter  screen.  In  order  to  be  able  to  change  the 
wave-length  of  the  light  falling  on  the  slit  the  stationary  base 
carries  a  track  along  which  the  whole  spectroscope  may  be 
shifted  by  very  small  amounts.  This  movement  is  made  by 
means  of  a  screw  of  fine  thread  turned  by  a  wheel  4j4  inches  in 
diameter.  This  track  and  the  base  of  the  spectroscope  carry  a 
Vernier  scale  graduated  to  1/50  of  a  mm.  by  means  of  which 
any  previous  setting  may  be  accurately  reproduced,  and  in  terms 
of  the  readings  of  which  the  spectroscope  may  be  calibrated  in 
wave-lengfth.  This  method  of  changing  wave-lengfth  not  only 
provides  abundantly  for  small  changes  in  wave-length  but  it  ol>- 
viates  any  necessity  for  readjustment  of  the  collimator  arm  which 
would  be  the  case  were  the  wave-lengths  changed,  for  example, 
by  rotating  the  prism.  In  case  the  wave-length  is  changed  by 
this  device,  the  prism  is  set  for  minimum  deviation  for  the  I>- 
line,  and  this  adjustment  is  kept  throughout.  An  adjustment 
which  gives  minimum  deviation  for  the  D-line  alone  is  generally 
considered  by  spectroscopists  to  be  adequate  for  the  work  in  the 
visible  spectnmi  when  the  light  is  passed  through  only  one  prism. 
Kayser,  for  example,  says :"  'Bei  den  Apparaten  mit  nur  einem 
Prisma  verzichtet  man  f  fir  gewohnlich  darauf ,  alle  Wellenlangen 
unter  dem  Minimum  zu  beobachten,  sondem  stellt  das  Prisma 
fest  auf,  so  dass  etwa  die  D-Linien  unter  dem  Minimum  durch- 

'7  Handbttch  der  Spectroscope,  I,  p-.  51a 
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gehen.  Die  Dispersion  ist  bei  einem  Prisma  so  gering,  dass  dies 
gewohnlich  geniigt.  Das  ist  a  bcr  nicht  mehr  der  Fall,  wenn  man 
liber  die  Grenzen  das  sichtbaren  Spectnims  hinausgeht,  und  so 
hat  vielleicht  suerst  Langley  bei  seiner  Untersuchimg  des  ultra- 
rothen  Theiles  des  Sonnenspectnims  an  einem  Apparat  mit  einem 
prisma  eine  Vorrichtung  beschrie  ben,  welche  automatisch  das 
Minimum  erhalt,  imd  welche  wegen  ihrer  Einfachheit  seitdem 
oft  verwandt  wird/  (b)  In  order  that  minimum  deviation  may 
be  had  automatically  for  all  wave-lengths  falling  on  our  analyz- 
ing slit,  one  of  our  spectroscopes  was  built  with  a  minimum  de- 
viation attachment.  A  schematic  representation  of  this  attach- 
ment and  the  prism  in  position  for  use  is  shown  in  Fig.  4.    In 


Figure  4 

this  figure,  P  represents  the  prism  so  placed  on  the  prism  table 
that  its  refracting  angle  is  bisected  by  one  of  the  radii  of  the 
table;  PB  and  PA  represent  respectively  the  collimator  and  ob-. 
jective  arms  which  are  fastened  to  the  stem  of  the  spectroscope 
independent  of  the  prism  table;  TD  represents  an  arm  fastened 
to  the  prism  table  in  suich  a  position  as  to  be  continuous  with  the 
radius  of  the  table  which  bisects  the  refracting  angle  of  the 
prism;  AE  and  BE  represent  two  rods  of  equal  length  which 
connect  PA  and  PB  at  points  equidistant  from  the  center  of  the 
table  to  a  collar  which  is  free  to  play  back  and  forth  along  the 
arm  TD.  M  is  a  micrometer  screw  with  a  graduated  cylindrical 
head,  which  is  used  to  move  the  collimator  arm  through  the  small 
angles  needed  to  give  the  change  of  wave-length.  Opposed  to 
this  screw  is  a  plunger  p  working  against  the  spring  in  the  case 
C.    When  the  screw  advances  it  moves  the  collimator  arm  f or- 
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ward  and  when  it  recedes  the  collimator  arm  is  made  to  follow 
it  by  the  push  of  the  plunger  p.  The  screw  and  plunger  are  sup- 
ported by  a  curved  arm  coming  off  from  the  stem  of  the  spectro- 
scope, which  can  be  clamped  rigidly  in  any  position  which  may 
be  desired.  This  arm  ends  in  two  right-angled  extensions,  one 
of  which  carries  the  screw  and  the  other  the  plunger.  Between 
X  and  Y,  the  vertical  arms  of  these  extensions,  the  collimator 
arm  is  moved  to  give  the  change  of  wave-length.  The  micro- 
meter screw  passes  through  a  fixed  sleeve  S  graduated  in  for- 
tieths of  an  inch.  As  the  screw  advances  the  cylindrical  head 
telescopes  on  the  sleeve  S,  one  of  the  graduated  spaces  being 
traversed  with  each  complete  turn  of  the  screw.  The  forward 
end  of  the  cylindrical  head  is  bevelled  and  on  the  circumference 
of  the  bevelled  edge  is  a  scale  of  equal  divisions  graduated  in 
twenty-fifths  of  an  inch.  By  means  of  this  scale  and  the  scale 
on  the  sleeve  S,  the  advancement  of  the  screw  can  be  read  in 
thousandths  of  an  inch." 

(c)  ''Collimator  Slits. — One  of  these  slits  is  of  the  usual  type 
having  carefully  beveled  knife-edged  jaws  12  mm.  long,  with  a 
micrometer  adjustment  of  width  graduated  to  thousandths  of 
a  mm.  Such  a  slit  may  be  used  (a)  to  make  a  reduction  of  the 
spectrum  as  a  whole  or  of  any  part,  and  the  reduction  may  be 
computed  directly  from  the  slit  width  provided  the  source  is  uni- 
formly luminous  over  the  surface  exposed;  or  (b)  one  part  of 
the  spectrum  may  be  made  in  turn  to  sustain,  within  limits  and 
under  the  conditions  mentioned  above,  any  ratio  that  may  be 
desired  to  any  other  part  of  the  spectrum,  providing  the  original 
intensities  from  which  the  reductions  are  made,  are  known. 
This  slit,  however,  is  not  adapted  to  just  noticeable  difference 
determinations  for  a  given  color  or  range  of  wave-lengths.  The 
second  slit  is  especially  designed  for  just  noticeable  difference 
work.  This  slit  is  constructed  so  that  its  upper  and  lower  halves 
are  independently  variable  in  width.  It  was  designed  especially 
for  the  new  methods  we  are  using  for  a  quantitative  compara- 
tive determination  of  the  retina's  inertia  to  the  different  wave- 
lengths of  light  in  which  just  noticeable  differences  are  employed. 
In  the  short  exposures  used  in  tracing  the  sensation  from  Ae 
threshold  to  its  maximum,  it  is  obvious  that  the  sectored  disc 
could  not  be  employed  in  making  the  variations  needed  for  just 
noticeable  differences.  While  designed  to  meet  this  special  need 
we  have  found  it  to  be  a  very  convenient  means  of  making  the 
variations  needed  for  much  of  the  general  work  in  just  notice- 
able difference  determinations.  The  slit  is  formed  by  three  knife- 
edged  jaws.    That  is,  one  jaw  of  the  slit  is  made  in  one  piece 
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and  is  12  mm.  long;  the  other  jaw  is  made  in  two  pieces,  eadi 
6  mm.  long.  One  edge,  the  upper  for  the  upper  jaw  and  the 
lower  for  the  lower  jaw,  is  beveled  to  fit  into  a  dovetailed  guide 
cut  in  the  frame.  The  other  edge  of  each  jaw  is  held  in  place 
by  a  slender  close  fitting  key  of  apprc^riate  length.  The  jaw, 
12  mm.  long,  is  stationary  and  the  other  two  jaws  are  made  to 
move  away  from  it  by  two  independent  micrometer  screws  oper- 
ated by  drtmi  heads  graduated  to  thousandths  of  a  millimeter. 
In  operation  the  source  is  adjusted  so  that  one  edge  of  its  equally 
luminous  surface  is  flush  with  the  stationary  jaw  and  the  other 
jaws  are  pulled  away  from  it  exposing  as  desired  different  widths 
of  this  surface.  In  a  just  noticeable  difference  series  one  half 
of  the  slit  is  held  constant  and  the  other  is  varied  to  give  the  just 
noticeable  difference.  When  the  width  of  slit  needed  for  this  is 
obtained,  that  half  of  the  slit  is  held  constant  and  the  other  is 
varied,  and  so  on  until  the  series  is  completed." 

{2)  Apparatus  for  Presenting  the  Stimuli  to  the  Eye  and  for 
Controlling  the  time  of  Exposure, 

(a)  The  Lens  System,  The  apparatus  for  presenting  the 
stimuli  to  the  eye  and  controlling  the  time  of  exposure  consists 
of  the  lenses  L,  and  L4,  the  exposure  apparatus  and  the  stimulus- 
box.  The  lens  L,,  which  as  stated  above  focuses  the  light 
emerging  from  the  analysing  slit  S»  in  the  plane  of  the  exposure 
discs,  has  a  focal  length  of  8.5  centimeters.  Two  things  are  re- 
quired of  this  lens— (a)  it  must  focus  the  light  accurately  on 
the  disc,  and  (b)  the  bounding  line  between  the  upper  and  lower 
halves  of  the  image  it  forms  of  the  slit  S2  must  coincide  with 
the  bounding  line  between  the  two  sets  of  exposure  discs."  That 
is,  in  order  that  the  time  of  exposure  of  the  light  coming  from 
each  half  of  the  double  slit  shall  be  independently  variable,  the 
open  sector  of  one  set  of  the  exposure  discs  must  receive  all  of 
the  light  from  one  half  of  the  slit;  and  the  open  sector  of  the 
other  set  of  discs,  all  of  the  light  from  the  other  half.    Both  of 

'3  This  coincidence  is,  of  course,  not  exact,  since  the  bounding  line  between 
the  two  slits  is  straigfal}  while  that  between  the  two  sets  of  discs  is  drcttlar. 
In  reality  the  boundary  between  the  two  images  is  tangent  to  that  between 
the  two  sets  of  discs.  However,  since  the  width  of  the  image  of  the  sUt  is 
only  I  millimeter  and  the  radius  of  the  inner  set  of  discs  is  14  centimeters,  the 
deviation  of  the  two  boundaries  frotai  exact  coincidence  is  negUgble  for  the 
purposes  of  these  experiments. 
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these  points  are  conveniently  accomplished  by  having  the  holder 
of  the  lens  mounted  in  an  adjustment  which  gives  to  it  two  mo- 
tions,— one  back  and  forth  along  the  path  of  the  light  to  adjust 
the  focus,  and  the  other  in  the  vertical  to  provide  for  the  proper 
placing  of  the  image  on  the  disc.  The  lens  L*,  which  focuses 
the  image  of  the  double  slit  in  the  stimulus  box,  has  a  focal 
length  of  5  centimeters.  It  is  mounted  in  a  holder  the  base  of 
which  moves  in  a  grooved  track  parallel  to  the  path  of  the  stimu- 
lus light.  To  provide  for  accurate  focusing,  this  base  is  oper- 
ated by  means  of  a  finely  threaded  screw. 

(b)  The  Exposure  Apparatus.  The  exposure  apparatus  is 
made  up  of  the  rotation  apparatus  and  two  specially  constructed 
sectored  discs.  The  rotation  apparatus  consists  of  a  heavy 
V-shaped  stem  with  carefully  turned  bearings,  in  which  rotates 
a  spindle  fitted  with  a  special  arbor  and  chuck  to  hold  the  ex- 
posure disc.  Since  only  a  single  exposure  is  wanted  for  any 
single  observation,  the  discs  are  driven  by  means  of  a  gravity  or 
fall  device.  That  is,  attached  at  its  middle  to  the  other  end  of 
the  spindle,  is  a  rod  one  meter  long  which  carries  on  its  two  arms 
equal  weights.  These  weights  are  lead  cylinders,  which  slip  on 
to  the  rod  and  are  held  in  position  by  means  of  set  screws.  The 
rod  is  graduated  in  millimeters,  so  that  at  any  time  the  position 
of  the  weight  may  be  read  directly  from  the  scale.  Before  an 
exposure  the  rod  is  held  in  position  by  a  catch,  the  height  of 
which  is  adjustable.  When  the  catch  is  released  the  weight  falls 
rotating  the  disc  D  with  a  velocity  depending  upon  the  height  of 
the  catch  and  the  position  of  the  two  weights  on  the  rod.  After 
the  fall,  the  other  end  of  the  rod  is  caught  automatically  by  an- 
other catch.  To  re-adjust  the  device  for  a  new  observation,  the 
rod  is  brought  back  to  its  original  position  by  hand. 

Another  factor  in  determining  the  length  of  time  of  exposure^ 
is  the  displacement  of  the  open  sector  from  the  path  of  the  stimu- 
lus light,  or  its  position  in  the  circle  of  rotation ;  for,  obviously, 
upon  this  will  depend,  with  a  given  height  of  the  catch  and  a 
given  position  of  the  weights  on  the  driving  rod,  the  amount  of 
acceleration  which  is  given  to  the  disc  before  the  open  sector 
reaches  the  path  of  the  stimulus  light.     In  making  the  ex- 
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posure,  the  disc  was  always  so  adjusted  on  the  axis  of  rotation 
apparatus  that  the  light  was  shut  off  from  the  stimulus  box  when 
the  driving  rod  was  hdd  by  the  first  catch;  then,  when  released 
one  comfdete  exposure  had  been  made  before  it  was  caught  by 
the  second  catch.  Since,  as  stated  above,  the  position  of  the 
open  sector  in  the  circle  of  rotation  is  an  important  factor  in 
determining  the  length  of  exposure  which  will  be  obtained  with 
a  given  value  of  open  sector,  height  of  the  catch  and  position  of 
weights  on  the  drivii^  rod,  it  is  very  important  to  have  this  po» 
sition  the  same  at  the  beginning  of  each  exposure.  This  was  ac- 
complished by  drawing  a  radial  line  on  the  disc,  when  the  open 
sector  was  in  the  position  desired,  so  that  it  just  coincided  with 
one  edge  of  the  band  of  stimulus  light  which  was  focused  on  the 
disc  by  the  lens  Ls.  A  fixed  ^ro  is  thus  established  from  which 
the  movement  of  the  open  sector  may  be  b^un  at  each  successive 
exposure. 

(c)  The  Stimulus  Bax.  In  careful  determination  of  lag,  it 
is  necessary  that  the  stimulus  be  presented  to  the  eye  without  the 
admixture  of  stray  light.  In  order  to  accomplish  this,  the  stimu- 
lus box  B  was  devised.  This  apparatus  which  is  very  simple  in 
construction  is  made  up  of  the  box  proper,  a  screen  to  receive  the 
image  formed  by  the  lens  L4,  and  three  tubular  openhigs.  The 
box  is  made  of  wood  and  is  52.7  centimeters  long,  10.5  centi- 
meters wide,  and  11.5  centimeters  high.  It  is  painted  a  mat 
Uadc,  inside  and  out,  and  care  has  been  taken  to  make  it  light 
proof  except  for  the  three  openings  mentioned  above.  One  of 
these  openings  Ti  is  for  the  admission  of  the  stimulus  light;  one 
T9  for  the  admission  of  the  light  which  illuminates  the  fixation 
point;  and  one  Ts  for  the  passage  of  the  stimulus  light  to  the  ob- 
server's eye.  Further  to  guard  against  the  admission  of  stray 
light  into  the  box,  these  tubes  are  from  two  to  six  inches  in 
length  and  are  painted  a  mat  black  on  the  inside.  The  screen 
to  receive  the  image  formed  by  the  lens  L4  is  at  the  back  of  the 
box  in  line  with  the  axis  of  the  tube  Ts.  This  screen  is  of  card- 
board and  is  fitted  into  a  holder  which  can  be  turned  about  the 
vertical  axis  by  a  knob.  This  provision  for  rotation  is  made  in 
order  that  the  screen  may  be  brought,  in  every  case  that  may 
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arise,  into  a  satisfactory  optical  relation  with  the  lens  L4  and 
with  the  eye.  In  order  to  provide  a  suitable  surface  on  which  to 
view  the  image  formed  by  the  lens  L*,  a  narrow  vertical  strip  in 
the  center  of  this  screen  is  covered  with  magnesium  oxide  de* 
posited  from  the  burning  metal.  This  surface  has  a  reflection 
coefficient  of  90  per  cent  and  is  just  large  enough  to  accommo- 
date the  image,  which  is  4  millimeters  wide  and  15  millimeters 
high.  The  remainder  of  the  screen  is  covered  with  velvet  Uack 
paper  which  has  a  coefficient  of  reflection  so  small  as  to  be  neg- 
ligitde  in  these  experiments.  In  order  that  the  observation  shall 
be  begun  with  the  eye  accurately  adjusted  for  its  stimulus,  a  fixa- 
tion point  is  provided  at  the  exact  center  of  the  image  formed 
by  the  lens  L4.  A  preliminary  adjustment  of  the  eye  is  especially 
necessary  in  work  of  this  kind  because  of  the  short  interval  of 
time  for  which  the  stimuli  are  exposed.  This  fixation  point  is 
devised  in  accord  with  the  foUowii^  requirements,  (a)  It  must 
be  luminous  else  it  can  not  be  seen  in  the  dark  field  of  vision  pro- 
duced by  the  stimulus  box.  (b)  It  should  disappear  at  the  instant 
of  the  appearance  of  the  stimulus  or  its  light  will  mix  with  the 
stimulus  light  and  modify  its  action  on  the  eye,  and  interfere  also 
with  the  brightness  comparison  of  the  two  halves  of  the  image. 
And  (c)  it  should  be  small  and  no  brighter  than  is  necessary  to  be 
seen  clearly  in  order  that  it  may  not  act  to  any  considerable  degree 
as  a  pre-exposure  and  mocfify,  thereby,  the  sensitivity  of  the  eye 
to  the  stimulus  light  The  last  two  of  these  requirements  may 
seem  of  small  consequence;  bnt  when  methods  are  used  which 
depend  upon  the  judgment  of  just  noticeable  differences,  the 
amounts  of  sensation  involved  are  as  smaU  as  possible  and  the 
mftuence  of  extraneous  factors  should  be  reduced  to  a  minimum. 
This  fixation  point  was  obtained  by  pricking  a  small  hole  through 
the  stimulus  card  at  the  exact  center  of  the  image  formed  by 
lens  L4  and  illuminating  it  from  behind  by  a  two  candle  power 
incandescent  lamp,  contained  in  the  small  lamp-house  F.  This 
lamp-house  is  connected  with  the  stimulus  box  by  the  tube  T^ 
which  prevents  the  light  from  scattering  mto  the  surrounding 
room;  and  contains,  besides,  absorbing  screens  of  the  number 
and  diversity  needed  for  reducing  the  intensity  of  the  light.    In 
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order  that  the  fixation  point  should  disappear  simultaneously 
with  the  appearance  of  the  stimulus,  the  following  provision  is 
made.  The  current  from  the  lamp  passes  from  the  source  to  the 
axis  of  the  rotation  apparatus  and  then  to  an  adjustable  collar 
about  this  axis,  having  a  sector-like  extension.  When  the  rod  is 
held  by  the  catch,  this  extension  makes  connection  with  a  flexi- 
ble brass  strip  and  the  current  passes  through  the  standard  sup- 
porting the  strip  to  the  lamp  and  back  to  the  source.  The  ex- 
tension is  so  arranged  that,  with  the  rotation  of  the  axis,  the 
connection  is  broken  just  as  the  open  sector  of  the  disc  allows 
the  light  to  pass  through  and  form  an  image  on  the  magnesium 
oxide  surface  on  the  screen  at  the  back  of  the  stimulus  box. 
The  breaking  of  the  circuit  causes  the  dot  which  serves  as  a 
fixation  point  to  disappear  and  prevents  its  interference  with 
the  judgment  of  the  brightness  of  the  lights.  A  fixation  point 
which  shall  remain  visible  tmtil  just  before  the  appearance  of 
the  stimulus  is  found  to  be  necessary  for  accurate  woric,  since 
otherwise  the  eye  is  not  in  position  to  receive  the  stimulus  and 
the  shifting  of  it  into  position  may  change  the  effect  of  any 
given  exposure. 

As  has  been  mentioned  before  variations  in  the  time  of  ex- 
posure of  the  stimulus  can  be  introduced  in  three  ways, — (a)  by 
changing  the  relative  position  of  the  weights;  (b)  by  varying 
the  amount  of  open  sector  of  the  disc;  and  (c)  by  causing  the 
open  sector  to  cut  the  beam  of  light  at  different  points  in  the 
revolution  of  the  disc.  In  order  to  obtain  the  exact  time  of 
exposure  of  the  stimulus  under  each  of  the  variations  used  in 
the  experiments  two  methods  were  employed.  In  the  first  the 
procedure  was  as  follows :  On  the  edges  of  the  open  sector  of 
the  disc  were  soldered  small  extensions  perpendicular  to  the  disc. 
These  had  fine  knife  edges.  Making  electrical  contact  with  the 
knife  edges,  was  the  point  of  a  fine  coiled  spring  attached  to 
the  end  of  a  horizontal  rod.  This  rod  rotated  about  a  vertical 
standard  on  a  collar,  provided  with  a  set  screw.  By  means  of 
the  collar  and  set-screw  the  rod  could  be  turned  until  the  point 
of  the  spring  was  in  the  axis  of  the  beam  of  light  which  served 
as  the  stimulus,  and  clamped,     llie  spring  could  then  be  ex- 
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tended  along  the  axis  of  the  beam  until  the  point  just  made  con- 
tact with  the  knife-edges  as  they  passed.  When  the  contact  was 
made  an  electric  circuit  was  completed  allowing  current  to  flow 
from  the  line  through  a  lamp  rheostat,  the  axis  of  the  rotator, 
the  disc,  the  knife-edges,  spring,  rod  and  its  supporting  standard 
to  an  electric  magnetic  recorder  which  marked  on  the  smoked 
surface  of  the  drum  of  a  kymograph.  Directly  beneath  the  rec- 
ord of  the  electro-magnetic  marker  a  time  line  was  traced  by  a 
tuning  fork  vibrating  one  hundred  times  per  second.  By  means 
of  this  the  interval  between  the  contacts  of  the  spring  with  the 
two-knife  edges,  or  the  length  of  exposure  of  the  stimulus  light, 
could  be  determined.  In  making  these  determinations  the  sec- 
tors of  the  disc  were  set  in  each  position  used  in  the  experiments 
and  a  time  record  made.  It  was  fotmd,  after  a  few  trials,  that 
unless  extreme  care  was  taken  when  setting  the  spring  to  make 
the  touch  on  the  knife  edges  as  light  as  possible,  a  lag  was  occa- 
sioned by  the  friction  of  the  contact.  On  account  of  this  possi- 
bility of  error  a  second  method  was  used  to  check  up  the  first. 
In  this  method  a  strip  of  smoked  paper  was  placed  over  the  open 
sector  of  the  disc,  and  the  position  of  the  two  edges  marked 
carefully  on  the  paper.  The  pointer  of  the  electric  tuning  fork 
was  then  so  adjusted  to  make  a  tracing  on  this  strip,  care  being 
exercised  to  make  contact  as  light  as  possible.  From  the  trac- 
ing made  by  this  fork  when  the  disc  was  rotated,  the  number  of 
vibrations  during  the  passage  of  the  open  sector  could  be  noted 
directly.  In  both  cases  the  number  of  whole  vibrations  were 
counted  and  the  measurements  of  all  fractions  of  vibrations  were 
made  on  a  micrometer  comparator,  which  allowed  accurate  read- 
ings to  a  thousandth  of  a  millimeter.  It  was  found  that  the  time 
of  exposure,  as  r^stered  by  this  method,  corresponded  with  that 
given  by  the  first  method,  when  care  was  taken  to  make  the  con- 
tact as  light  as  possible.  We  have  accepted  that  value  as  correct, 
therefore,  and  have  used  it  in  our  tables  and  curves. 

D.    Results 
As  was  stated  in  the  introductory  section  of  this  study,  one 
of  the  purposes  of  this  investigation  was  to  make  a  re-determi- 
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nation  of  the  time  required  for  sensation  to  reach  its  maximum 
by  the  more  promising  of  the  older  methods,  under  ccxiditions 
which  would  make  possible  an  inter-comparison  of  results.  After 
a  preliminary  trial  of  the  older  methods,  the  ones  selected  for 
further  investigation  were  those  of  Broca  and  Sulzer,  Exner, 
Diirr  and  Kunkel.  A  brief  account  of  the  work  with  Burr's 
method  was  given  in  our  historical  section.  No  further  account 
will  be  taken  of  it  here.  Another  feature  of  the  work  was,  it 
will  be  remembered,  to  devise  new  methods  and  to  compare  the 
results  obtained  by  these  methods  with  each  other,  and  with 
those  obtained  by  the  older  methods.  It  will  be  remembered 
also  that  one  of  the  purposes  in  devising  new  methods  was  to 
make  it  possible  direcUy  to  compare  the  different  rates  of  rise  of 
the  sensation  towards  its  maximum  value  for  different  wave- 
lengths and  intensities  of  light,  as  well  as  to  determine  the  maxi- 
mtun  value  itself. 

The  lights  selected  for  investigation  were  narrow  bands  taken 
from  the  following  regions  of  the  prismatic  spectrum  of  a  Nemst 
filament  operated  at  .6  amperes:  686  h^  580  #vs  511  f«fi,  and 
463  H^;  and  a  mixed  approximately  white  light  gotten  fay  re- 
synthesizing  this  spectrum  by  means  of  a  cylindrical  lens  of 
suitable  focal  length.  The  lights  at  the  different  intensities 
used  were  made  i^otometrically  equal.  On  account  of  the  ex- 
cessive amount  of  time  and  labor  required  to  make  the  deter- 
minations, especially  by  the  older  methods,  as  great  a  number  of 
intensities  of  light  and  regions  of  the  spectrum  could  not  be  in- 
vestigated as  was  desired.  Only  three  intensities  of  light  were 
used,  for  example,  and  only  four  parts  of  the  spectrunL  The 
parts  of  the  spectrum  selected,  however,  were  those  most  im- 
portant for  the  problem  under  investigation;  as  also  were  the 
intensities  of  light,  within  the  limits  that  could  be  attained  with 
our  apparatus.  The  photometric  values  of  these  intensities  were 
0.057,  0.151,  and  1. 2 1  meter-candles.  The  energy  values  of  the 
four  monochromatic  lights  at  these  three  intensities  are  given  in 
Table  VII.'*    The  white  light  was  not  radiometered. 

*^  For  the  energy  meauronents  given  in  this  table,  the  writeer  is  indebted 
to  Dr.  Gertrude  Rand 
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Tablb  VII 

Energy  per  mm^ 

(watts  X  10'^) 

Photometric  value 

At 

At 

Wave-lengths 

meter-candles 

analysing  slit 

photometer  head 

686 

l^i 

6224.985 

65.787 

580 

« 

185.740 

1.965 

511 

n 

130.137 

1.378 

686 

ai5i 

795.422 

8406 

580 

M 

44.337 

0.467 

511 

H 

47.657 

a503 

463 

« 

646.040 

6.g30 

685 

0.057 

238.454 

2.522 

580 

U 

2XX49 

0.221 

5" 

«« 

J.809 

0.191 

463 

tt 

189.095 

2.001 

(I)     THE  OLDER  METHODS 

(a)  Broca  and  SiUzer  Method.  In  applying  the  equality  of 
brightness  method,  heretofore  used  the  most  systematically  by 
Broca  and  Sulzer,  the  author  introduced  a  modification  which, 
as  was  stated  in  the  historical  part  of  this  study,  had  not  ap- 
parently been  considered  necessary  by  former  investigators,  i.e. 
the  exposure  of  the  standard  light  was  kept  within  a  very  small 
range  of  variation.  Six  seconds  was  chosen  as  the  best  time  of 
exposures  to  approximate  for  this  light.  This  choice  was  de- 
termined in  part  by  the  following  consideration.  If  the  principle 
of  the  equality  of  brightness  method,  as  used  by  Broca  and 
Sulzer,  was  to  be  employed,  a  longer  exposure  of  the  standard 
light,  (2  seconds  or  mc^e)  was  demanded  than  could  be  ob- 
tained with  our  exposure  apparatus.  It  became  necessary,  there- 
fore, to  adopt  a  less  exact  method  of  regulating  and  timing  the 
exposure  to  this  light.  On  this  account  it  was  thought  better  to 
increase  the  exposure  of  the  standard  light  to  six  seconds,  in 
order  that  the  rate  of  adaptation  of  the  eye  might  become  suffi- 
ciently slow  that  slight  variations  in  the  length  of  exposure  would 
have  little,  if  any,  effect  on  the  apparent  brightness  of  the  light. 

There  are  two  possible  ways  of  making  a  series  of  determina- 
tions by  this  method :  either  the  standard  light  can  be  held  con- 
stant in  turn  at  selected  intensities  in  a  graded  series  and  the 
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length  of  exposure  of  the  comparison  light  can  be  varied  until 
the  two  appear  equal;  or,  conversely,  the  intervals  of  exposure 
of  the  comparison  light  can  be  graded  in  value  and  the  intensity 
of  the  standard  light  can  be  varied  to  give  the  judgment  of 
equality.  The  second  of  these  alternatives  was  chosen  for  the 
work  here  presented. 

The  method  of  making  the  exposure  was  as  follows:  The 
larger  of  the  two  sets  of  discs  of  the  exposure  apparatus  was 
adjusted  to  give  a  wide  open  sector;  the  smaller,  to  give  an  open 
sector  of  the  value  required  for  the  comparison  light  for  the 
case  in  question.  These  sectors  were  so  turned  about  the  axis 
of  the  rotator  that  the  edges  of  sectors  that  were  to  terminate 
the  exposures  to  the  two  lights  were  in  the  same  radial  line,  and 
the  standard  light  passed  through  the  open  sector  of  the  larger 
disc  as  closely  in  front  of  the  forward  edge  of  the  open  sector 
of  the  smaller  disc  as  was  possible.  This  adjustment  accom- 
plished three  things:  (a)  The  exposure  to  both  lights  was 
terminated  simultaneously;  (b)  prior  to  the  rotation  of  the 
disc,  the  comparison  light  was  shut  off  from  the  stimulus  box; 
and  (c)  only  a  very  small  interval  of  time  elapsed  between  the 
starting  of  the  rotation  apparatus  and  the  ending  of  the  exposure 
to  the  comparison  light.  In  the  path  of  the  standard  light,  back 
of  the  exposure  disc  was  interposed  a  shutter.  The  exposure 
to  the  standard  light  was  begun  by  raising  this  shutter.  It  was 
ended,  as  indicated  above,  by  the  exposure  disc.  That  is,  in 
making  a  determination,  the  shutter  was  raised  and,  six  seconds 
later,  the  rotation  of  the  exposure  disc  was  begun,  the  sectors  of 
which  gave  the  exposure  to  the  comparison  light  and  shut  off 
both  lights  simultaneously.  From  this  it  will  be  seen  that  the 
actual  time  of  exposure  to  the  standard  light  was  in  each  case 
six  seconds  plus  the  small  fraction  of  a  second  between  the  start- 
ing of  the  exposure  disc  and  the  ending  of  the  exposure  to  the 
comparison  light.  This  increment  varied  so  little  from  determi- 
nation to  determination,  however,  that  it  was  considered  to  have 
a  negligible  effect  on  the  apparent  brightness  of  the  standard 
light  after  six  seconds  of  adaptation.  Moreover,  for  reasons  to 
be  stated  in  the  following  paragraphs,  no  attempt  will  be  made 
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to  compare  the  results  obtained  by  this  method  with  those  ob- 
tained by  other  methods  for  more  than  one  item,  namely,  the 
time  required  for  the  sensation  to  reach  its  maximum.  This  it 
will  be  seen  lessens  considerably  the  chance  of  the  above  condi- 
tions of  exposure  operating  as  a  significant  variable  factor. 

In  the  historical  discussion,  it  will  be  remembered,  two  serious 
criticisms  were  made  of  this  method,  as  used  by  Broca  and  Sul- 
zer.  (i)  The  attempt  to  rate  sensation  for  comparative  pur- 
poses in  photometric  units  is  fundamentally  wrong,  for  the 
photometric  unit  is  a  unit  of  light  intensity,  not  of  sensation. 
Two  surfaces,  for  example,  illuminated,  respectively,  by  four 
and  one  foot-candles  of  light  do  not  arouse  sensations  which 
sustain  to  each  other  the  ratio  of  four  to  one,  nor  have  we  any 
knowledge  of  what  ratio  they  do  sustain  to  each  other.  A  curve 
plotted  to  the  just  noticeable  changes  in  the  intensity  of  sensa- 
tion gives,  as  we  have  already  pointed  out,  a  much  better  notion 
of  how  the  sensation  rises  toward  its  maximum  with  different 
times  of  action  of  light  on  the  eye.  Since  all  of  our  methods  are 
based  on  the  latter  type  of  rating  the  rise  of  sensation  and  since 
there  seems  to  be  no  way  of  passing  from  one  system  of  values 
to  the  other,  it  is  clearly  not  possible  to  compare  the  results  ob- 
tained by  this  method  and  by  our  own  methods  on  any  point  but 
the  time  required  for  sensation  to  reach  its  maximum.  A 
broader  comparison  is  not  allowable  for  still  another  reason. 
This  reason  is  involved  in  our  second  point  of  criticism.  (2) 
Broca  and  Sulzer  did  not  give  the  eye  the  same  time  of  exposure 
to  the  standard  light  either  in  a  given  series  or  from  series  to 
series.  And  even  had  they  made  the  exposure  a  constant,  as  we 
have  done  in  our  use  of  the  method,  a  fair  comparison  still  could 
not  be  made  of  the  values  obtained  in  different  parts  of  the  rise; 
for  in  determining  these  values  different  intensities  of  standard 
light  have  to  be  used,  and  the  rate  of  decay  of  sensation,  even 
for  the  same  length  of  exposure,  is  not  the  same  for  different  in- 
tensities of  light.  This,  it  is  obvious,  would  vitiate  the  scale  of 
ratings  and  make  a  false  showing  of  comparative  values.  A 
comparison  does  seem  permissible,  however,  so  long  as  the  use 
of  only  one  intensity  of  standard  light  is  involved  in  making  the 
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determination,  and  care  is  exercised  to  keep  the  time  of  exposure 
of  the  eye  to  this  light  constant.  As  has  already  been  seen,  these 
conditions  were  not  satisfied  by  Broca  and  Stdzer  in  any  part  of 
their  work,  and  have  been  satisfied  in  our  work  only  with  regard 
to  one  feature  of  the  general  problem,  namely,  the  determina- 
tion of  the  time  required  for  the  sensation  to  reach  its  maximum. 
The  values  obtained  for  this  time,  alone,  can  be  used,  therefore, 
in  our  inter-comparisons  of  results. 

The  results  of  our  work  with  this  method  are  giv«i  in  Table 
VIII  and  Figure  XIII.  Since  the  method  has  been  used  only 
for  comparative  purposes,  the  determinations  have  been  made 
for  only  one  intensity  of  light.  It  would  be  more  desirable  could 
several  intensities  have  been  used  in  the  work  of  inter-compari- 


3econd^ 

Figure  XIII 
Showing  the  results  of  a  determination  of  the  rise  of  sensation  by  Broca 
and  Saber's  method  as  modified  by  the  author.    The  lights  used  to  produce 
the  sensation  under  investigation  were  made  photometricaUy  equal  at  aisi 
meter-candle. 
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son ;  but  the  amount  of  work  involved  in  making  this  determina- 
tion,  especially  in  case  of  the  older  methods,  was  prohibitive  of 
a  broader  study.  For  the  intensity  employed,  the  time  required 
for  the  sensation  to  reach  its  maximum  was  for  the  yellow  light 
0.065-0.080  seconds;  for  the  green,  0.121  seconds;  and  for  the 
red,  0.15 1  seconds.  A  comparison  of  these  values  with  those^ 
obtained  by  the  other  methods  for  the  same  intensity  of  light 
shows,  it  will  be  noted  in  the  tables  that  follow,  a  close  agree- 
ment. 

TABLE  VIII 
Showing  the  results  of  a  detennination  of  the  rise  of  sensatkm  by  Broca 
and  Suker's  method  as  modified  by  the  author.  The  lights  used  to  produce 
the  sensation  under  consideration  (comparison  lights)  were  made  photo- 
metrically equal  at  0.151  meter-candle.  In  making  the  determinations  the  in- 
tensity of  the  comparison  light  was  kept  constant  and  the  intervals  of  ex- 
posure were  varied;  and  the  intervals  of  exposure  of  the  standard  light  was 
kept  constant  and  its  intensity  was  varied. 


Intensity  of 

Ratio  of 

standard 

intensity  of 

light  in 

Time 

Time  of 

standard  and 

meter-candles 

required 

exposure  of 

comparison 

when  judged 

for  sensa- 

comparison 

Ught  when 

equal  in  bright' 

tion  to  rise 

Ught 

judged  €qual 

ness  to  com' 

to  its  maxi- 

Stimulus 

in  seconds 

in  brightness 

parison  light 

mum  value 

Red  686^ 

0.020 

1:0.60 

0.0900 

0.053 

1:0.90 

0.I3S0 

0.068 

1 : 1.17 

0.1755 

aii3 

1:1.21 

ai8i5 

0.151 

1:1.26 

0.1880 

0.151 

0.186 

1 : 1.21 

0.1815 

Yellow  ^iLik 

aioo 

1 : 0.71 

0.1065 

0.020 

1:0.78 

0.1 170 

0.033 

i:a85 

0.1275 

0053 

liijos 

0.1575 

ao65 

1 : 1.14 

0.1710 

0.065 

0.072 

1 : 1.14 

0.1710 

0.080 

1 : 1.14 

0.1710 

0.121 

i:ij07 

0.1605 

Green  SU/^t 

0.020 

1:0.68 

a  1020 

0.033 

1 : 0.87 

0.1305 

0.040 

1:0.96 

0.1440 

0x144 

1:098 

ai470 

0.121 

I :  i.io 

0.1650 

0.121 

0.130 

1:1.06 

0.1590 

0.205 

1:1.06 

0.1590 
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(b)  Exner's  Method.  In  case  of  this  method  the  author  has 
adopted  the  procedure  originated  and  used  by  Exner  in  1870 
with  one  modification, — the  judgment  of  the  relative  brightness 
of  the  two  lights  was  made  of  the  original  stimuli  at  the  moment 
of  their  disappearance.  That  is  a  comparison  of  the  positive 
after-images  was  not  made,  as  Exner  states  was  done  by  him.** 
In  this  method,  it  will  be  remembered,  the  two  stimuli  are  of 
equal  intensity;  but  the  exposure  of  one  is  started  before  the  ex- 
posure of  the  other.  From  a  consideration  of  these  conditions, 
it  is  obvious  that  the  sensations  aroused  by  the  two  lights  can 
not  be  judged  equal  at  the  exact  maximum  for  either.  The  sen* 
sation  aroused  by  the  shorter  exposure  will  not  have  reached  its 
maximum;  while  the  sensation  aroused  by  the  longer  exposure 
will  have  passed  beyond  its  maximtun.  That  is,  the  judgment 
of  equality  will  be  made  when  the  loss  in  brightness  due  to  the 
decay  of  the  one  is  equal  to  the  deficiency  due  to  the  under-de- 
velopment  of  the  other.  Now  by  variations,  from  small  to  great, 
in  the  differences  in  the  lengths  of  exposures  of  the  two  lights, 
a  series  of  values  can  be  found  which  lie  by  increasingly  greater 
amounts  on  either  side  of  the  maximum.  The  following  cases 
are  possible,  (a)  If  the  difference  is  very  small  the  two  stimuli 
will  be  judged  equal  for  all,  or  nearly  all,  of  the  lengths  of  time 
for  which  they  can  be  exposed,  (b)  If  the  difference  is  made 
larger,  the  stimuli  will  be  judged  equal  for  a  range  of  exposures 
including  the  maximum  and  a  range  on  either  side  of  the  maxi- 
mum, the  size  of  the  range  depending  on  the  magnitude  of  the 
difference  of  the  two  exposures.  And  (c)  if  the  difference  is 
made  still  larger  the  stimuli  will  be  judged  equal  for  each  value 
of  the  difference  at  only  one  length  of  exposure  for  either  of  the 
two  stimuli.  In  this  case  the  sensation  aroused  by  the  light  first 
exposed  will  have  passed  its  maximum  value  and  the  sensation 
aroused  by  the  light  last  exposed  will  not  have  reached  its  maxi- 
mum value.  The  maximum  would  be  approximately  the  mean  of 
these  two  values  provided  the  rate  of  decay  of  sensation  is  equal, 

^  The  author,  like  others  who  have  tried  this  method,  was  unable  to  make 
any  judgment  in  terms  of  the  after-response,  in  fact,  no  definite  positive  or 
negative  after-images  could  be  detected. 


Digitized  by 


Google 


THE  LAG  OF  VISUAL  SENSATION  71 

or  nearly  so,  for  the  intervals  in  question,  to  the  rate  of  de- 
velopment. This  for  short  intervals  just  before  and  just  after 
the  maximum  is  reached,  does  not  seem  to  be  far  from  true. 
One  way  of  estimating  the  time  required  to  obtain  the  maximum, 
then  would  be  to  take  the  mean  of  these  exposures  arousing 
equal  values  in  sensation  whose  differences  are  small  enough, 
on  the  one  hand,  to  fall  within  the  region  of  equal  rates  of  rise 
and  decay  about  the  maximum  and  large  enough,  on  the  other 
hand,  that  the  judgment  of  equality  can  be  given  for  only  one 
or,  at  most  only  a  very  small  range  of  exposures.  Another  way 
would  be  to  assume  with  Exner  that  when  the  difference  of  the 
time  of  exposure  of  the  two  Ughts  is  as  small  as  is  possible,  under 
the  conditions  necessary  to  the  experiment  the  interval  for  which 
the  judgment  of  equality  is  made  is,  for  the  first  exposed,  the 
time  required  for  it  to  arouse  its  maximum  response.  But  taken 
literally  this  assumption  is  not  correct,  for  as  we  have  already 
pointed  out,  the  difference  in  the  time  of  exposure  to  the  two 
lights  may  be  made  so  small  that  the  two  sensations  would  be 
judged  equal  for  all  or  the  greater  number  of  values  of  ex- 
posure that  might  be  used;  and  (b)  the  time  of  exposure  for 
neither  light  can  be  the  optimum  time  of  exposure  for  that 
light.  Both  on  account  of  its  indefiniteness  and  relatively 
greater  inaccuracy,  no  attempt  has  been  made  to  apply  Exner's 
method  for  estimating  any  point  but  the  maximum. 

Our  procedure  in  carrying  out  this  method  was  as  follows: 
A  given  difference  in  the  values  of  the  open  sectors  of  the  double 
exposure  disc  for  the  two  stimuli,  was  chosen.  The  lengths  of 
exposure  of  the  two  stimuli  were  then  varied  until  values  were 
obtained  for  which  the  light,  whose  exposure  was  begun  first, 
was  judged  in  turn  lighter,  equal,  and  darker  than  the  other  light 
Another  constant  difference  of  open  sector*^  was  then  chosen  and 
the  series  was  repeated. 

^On  account  of  the  difference  in  the  inertia  of  the  discs  of  the  exposure 
apparatus  when  set  with  different  total  open  sectors  equal  difference  in  open 
sector  did  not  mean  equal  difference  in  exposure  time.  The  author  found 
it  necessary  to  measure  the  time  for  each  setting  separately.  This  procedure 
allowed  the  experimenter  to  find  points  on  opposite  sides  of  the  maximum 
whidi  were  judged  equal,  and  therefore  to  reckon  the  maximum. 
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The  results  of  this  method  are  given  in  Table  IX.  They  are 
not  given,  however,  in  the  order  in  which  they  were  obtained; 
but  have  been  arranged  for  the  convenience  of  the  reader  into 
groups  in  which  the  light  longer  exposed  was  judged,  respective- 
ly, lighter,  equal,  and  darker  than  the  light  exposed  for  the 
shorter  time.  Our  method  of  estimating  the  optimum  length  of 
exposure  can,  perhaps,  be  made  clearer  by  an  example  from  the 
table.  For  this  purpose  the  results  for  only  one  color  need  be 
considered,  namely,  red.  The  table  shows  that,  in  case  of  this 
color,  the  sensations  aroused  by  nine  pairs  of  exposures  were 
judged  equal.  In  accord  with  our  criteria  stated  above,  three 
pairs  of  these  were  discarded— 0.070  and  o.ioi  seconds,  0.170 
and  0.192  seconds,  and  0.140  and  0.170  seconds — because  the 
difference  in  time  of  exposure  between  the  members  of  the  pairs 
in  each  case  was  too  small,  as  shown  by  the  other  data  in  this 
table,  to  produce  a  just  noticeable  difference  in  sensation.  That 
is,  it  is  seen  that  in  another  place  in  the  table  the  exposures,  0.140 
and  0.070  seconds,  for  example,  gave  a  judgment  of  lighter  in 
favor  of  the  longer  exposure.  This  ^ows  that  o.ioi-  is  less 
than  the  optimum  value  of  exposure  for  red  and  that  the  judg- 
ment of  equality  was  given  in  the  first  and  third  of  the  above 
cases,  not  because  the  optimum  exposure  was  attained,  but  be- 
cause the  difference  between  the  two  exposures,— 0.03  seconds 
in  each  case, — was  too  small  to  cause  a  just  noticeable  difference 
in  sensation.  Since  all  the  work  has  shown  that  in  general, 
within  the  range  of  exposures  used,  a  greater  difference  in  length 
of  exposure  is  required  to  give  a  just  noticeable  difference  in 
sensation  as  the  order  of  magnitude  of  both  exposures  is  in- 
creased, it  can  hardly  be  assumed  that  the  difference  in  the  length 
of  the  two  exposures  in  the  second  case,  0.022  seconds,  was  sceSi- 
cient  to  cause  a  just  noticeable  difference  in  sensation.  It  does 
not  seem  fair,  therefore,  to  use  this  result,  in  the  estimation  of 
the  average  either,  although  so  clear  a  reason  for  discarding  it 
is  not  present  as  was  the  case  for  the  other  pairs  of  exposures. 
That  is,  a  judgment  of  equality  can  not  be  considered  as  evi- 
dence that  the  critical  values  needed  for  the  estimation  of  the 
optimum  exposure  have  been  attained  when  the  judgment  might 
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Table  IX 
Showing  the  results  of  a  determination  of  the  rise  of  sensation  by  Exner's 
methods  modified  by  the  author.  The  lights  used  to  produce  the  sensation 
under  investigation  were  made  photometrically  equal  at  ox>S7  meter-candles. 
The  light  the  exposure  of  which  was  begun  first,  is  referred  to  in  the  table  as 
the  standard  light,  the  other  is  referred  to  as  the  comparison  light 


Stimulus 


Red  686^ 


Yellow  ^/ifL 


Time    of    tx- 

posure  in 

iteands 

\ 

0.072 

0.050 

0.140 

0.070 

ai78 

0.128 

0.182 

0.132 

0.188 

0.136 

0.192 

0.096 

0.101 

0.070 

0.170 

0.140 

0.192 

0.170 

0.192 

0.156 

0.182 

0.140 

a  192 

0.120 

0.19B 

0.132 

0.198 

O.I  1 1 

0.203 

ai20 

0.203 

0.140 

0.207 

0.125 

0.203 

0.170 

0.21 1 

0.178 

0.101 

ox)44 

0.120 

0.070 

0.124 

0.075 

0.101 

0.075 

O.I24 

0.101 

0.064 

0.038 

0.128 

0.080 

0.134 

0.085 

0.106 

0.080 

0.1 10 

0.085 

0.136 

0.090 

0.120 

0.096 

0.II5 

0.075 

IB 

Q 

O.Q22 

0.070 

0.050 

0.050 

0.052 

0.096 

0.031 

0X>30 

0Ja22 

0.036 

0.042 

0.072 

0.066 

0.087 

0.063 

0.063 

0.082 

0.033 

0.033 

0.057 

ao5o 
0.049 
0.026 
0.023 
0.026 
0.048 
0.049 
0.026 
0.025 
0.046 
0.024 
0.040 


lighter 


equal 


ill 


equal         (omitted)* 


0.174 
0.161 
ai56 
0.165 
0.154 
*•  0.161 

darker 


0.104 
0.109 
0.093 
0.097 
0.1 13 
0.108 
0.095 


0.161 


0.099 
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Stimulits 


Green  511^ 


Blue  463/ifi 


Tabls  IX 

(continued) 

Tim*    cf   eX' 

Posure  in 

seconds 

a" 

1*1 

m 

.? 

^  5 

Ml 

lu 

«o 

u 

|W 

i:i. 

Mean  vol 
needed 
lights 
bright. 

i^^ 

0085 

0.070 

0.015 

equal 

(omitted)* 

0.1 15 

0.101 

0.014 

« 

it 

0.140 

0.096 

0.044 

darker 

ai46 

aioi 

0.045 

u 

0.170 

0.120 

0.050 

lighter 

ai82 

ai88 

0.024 

a 

0.192 

0.120 

0.072 

it 

0.203 

0.140 

0.063 

M 

0.215 

0.158 

0.057 

M 

0.224 

0.140 

0.084 

M 

0.250 

0.140 

0.1 10 

U 

0.203 

0.170 

0.033 

equal 

0.186 

0224 

ai7o 

0.054 

M 

0.197 

0.236 

0.170 

0.066 

(( 

0.203 

0.193 

0.261 

0.150 

0.091 

II 

0.205 

0.192 

ai6o 

0.032 

M 

0.176 

a27i 

0.192 

0.079 

darker 

0.170 

0.120 

0.050 

lighter 

0.203 

0.170 

0.033 

« 

0.215 

0.158 

0.057 

« 

0.224 

0.140 

0.084 

i< 

OJ23I 

0.152 

0.079 

« 

0^35 

0.165 

0.070 

M 

0.211 

0.178 

0.034 

equal 

0.194 

a224 

0.192 

0.032 

M 

a2o8 

0.250 

0.224 

0.026 

tt 

0.237 

0.236 

0.203 

O.Q33 

M 

0.218 

0.228 

0.196 

ao32 

tt 

0^12 

0.210 

0.224 

0.170 

0.054 

U 

0.197 

0.236 

ai92 

0.044 

M 

0.214 

0.236 

0.170 

0.066 

<« 

0.203 

0.240 

0.178 

0.068 

t* 

0.209 

0.254 

0.228 

0.026 

darker 

0.250 

0.203 

ao47 

M 

0.240 

0.196 

0.044 

M 

a248 

0.188 

0.060 

M 

*  These  numbers  were  omitted  from  the  final  calculation  of  the  time  re- 
quired for  the  sensation  to  reach  its  maximum  value  for  reasons  stated  in  the 
text    (See  p.  72.) 
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just  as  well  have  been  due  to  the  insufficient  difference  in  the 
length  of  the  two  exposures  to  give  any  but  a  judgment  of 
equality.  The  optimum  time  of  exposure,  was  estimated,  there- 
fore, from  the  six  remaining  pairs  of  exposures  that  gave  the 
judgment  of  equality.  So  estimated,  the  optimum  for  red  of 
the  intensity  and  range  of  wave-lengths  used  was  found  to  be 
0.161  seconds.  By  a  similar  method  of  estimation  the  optimum 
for  yellow,  green,  and  blue  were,  respectively  0.099  seconds, 
0.^93  seconds,  0.210  seconds.  These  values,  it  will  be  observed, 
agree  very  well  with  the  results  obtained  by  the  other  methods 
of  determining  the  maximum. 

(c)  KufikeVs  Method,  In  applying  this  method,  it  will  be  re- 
membered that  two  conditions  are  essential.  ( i )  The  lights  used 
must  be  of  different  intensities.  One,  the  standard  light,  must 
be  a  great  deal  stronger  than  the  other,  the  comparison  light, 
and,  if  the  method  is  to  accomplish  its  purpose,  the  sensation 
aroused  by  the  stronger  light  must,  as  assumed  by  Exner,  rise 
more  rapidly  towards  its  maximum  than  that  aroused  by  the 
weaker  light.  The  intervals  of  exposure  of  the  two  lights  must 
be  so  regulated,  however,  that  the  sensation  aroused  by  the 
weaker  light  reaches  its  maximiun  before  that  aroused  by  the 
stronger  light.  And  (2)  a  variable  and  not  a  constant  differ- 
ence in  the  time  of  exposure  of  the  two  lights  must  be  employed 
in  each  series  of  determinations.  That  is,  the  apparatus  is  so 
arranged  that  the  exposure  to  the  two  lights  end  at  the  same 
time.  A  given  very  small  interval  of  exposure  is  chosen  for  the 
comparison  light  Then  a  time  of  exposure  is  found  for  the 
standard  light  which  causes  it  just  to  match  the  comparison  light 
in  apparent  brightness.  This  procedure  is  repeated  for  a  graded 
series  of  exposures  for  the  comparison  light.  From  this  series 
that  value  of  exposure  of  the  comparison  light  is  selected  as 
optimum,  which  is  matched  in  its  effect  on  sensation  by  the 
longest  in  the  series  of  exposures  given  to  the  standard  light. 
(See  more  detailed  description  of  method,  p.  26.)  In  our  use 
of  this  method  a  standard  light  was  chosen,  approximately  twice 
as  intense  as  the  comparison  light.*'    A  short  initial  exposure 

^  In  strtvmg  for  precision  by  this  me^od,  two  factors  must  be  taken  into 


Digitized  by 


Google 


76  MARION  A.  BILLS 

then  was  given  to  the  standard  light  and  the  exposure  of  the 
comparison  light  was  varied  until  at  the  moment  of  disappear- 
ance it  was  judged  lighter  than  the  standard  light.  The  length 
of  exposure  of  the  standard  was  then  increased  until  it  was 
judged  equal  in  brightness  to  the  comparison.  This  procedure 
was  continued  until  an  exposure  was  found  for  the  standard 
light  which  aroused  a  sensation  which  could  be  matched,  but 
never  exceeded,  by  the  sensation  aroused  by  the  comparison  light, 
however,  much  its  exposure  was  increased.  In  accord  with  the 
principal  of  the  method,  this  exposure  was  chosen  as  the  opti- 
mum for  the  comparison  light. 

Table  X  shows  a  typical  set  of  results  for  this  method.  They 
are  published  complete  with  the  exception  that  exposures  of  the 
standard  light  which  were  too  short  to  give  any  judgments  of 
equality  are  omitted.  In  the  first  column  is  given  the  stimuli 
with  the  region  of  the  spectrum  from  which  it  was  taken;  in 
the  second  and  third,  the  intervals  of  exposure  of  the  standard 
and  comparison  lights,  respectively;  and  in  the  fourth  coltmm, 
the  judgment  of  the  comparison  light  in  terms  of  the  standard. 
A  great  hdp  in  understanding  the  application  of  this  method 
can  be  had  by  comparing  columns  2,  3  and  4. 

The  results  show  that,  although  the  intervals  required  for  the 
colors  to  rise  to  their  maximum  are  in  the  same  order  as  for  the 
other  methods,  the  actual  values  of  the  exposures  are  in  each  case 
slightly  greater.  This  is  true  consistently  for  all  of  the  colors. 
A  reason  for  this  may  be  found,  perhaps,  m  the  discussion  of 
methods  given  earlier  in  the  paper.  (See  discussion  of  Durr's 
method,  p.  30.)     That  is,  when  a  standard  light  very  much 

account  (i)  The  more  intense  is  the  standard  light,  the  more  rapid  is  the 
rise  of  the  sensation  which  it  arouses.  With  the  greater  intensities  of  stan- 
dard light  there  is,  therefore,  a  greater  variation  of  apparent  brightness  per 
unit  of  time.  If  there  were  no  counteracting  influences  this  should  lead  to  a 
greater  precision  in  isolating  the  opttmum  exposure  for  the  comparison  light 
That  is,  a  smaller  range  of  exposures  could  give  a  sensation  which  matches 
the  sensation  aroused  by  any  one  exposure  of  the  standard  light  But  (2)  if 
too  intense  a  light  is  chosen  for  the  standard,  its  time  of  exposure  must  be 
made  very  short  to  be  available  in  the  series,  and  the  judgment  is  thereby 
rendered  more  difficult  For  the  author  the  best  results  were  obtained  with 
a  standard  light  of  about  twice  the  intensity  of  die  comparison  light 
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Tkssul  X 

Showing  the  results  of  a  detemunation  of  ^e  rise  of  sensation  iy  Knsdcel's 
method  The  lights  used  to  produce  the  sensations  under  investigation  were 
made  photometrically  equal  at  0.057  meter«candles. 

Time  of  bright- 

Time  of         of  expos-     nest  of  com-  Time  reqmired 
exposure  a f     ureofcom-    parisoH  light   forsensatum 
standard  light  parison  light    in  terms  of       to  reach  its 
Stimulus  in  seconds       in  seconds  standard  light  maximum  v^Uue 
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0.11$ 
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stronger  than  the  comparison  is  used,  the  restdt  is  apparently  to 
lengthen  the  time  necessary  for  the  sensation  to  reach  its  maxi- 
mum; but  this  lengthening  is  less  where  the  post-exposure  is 
white  instead  of  black — z  fact  whidi  seems  to  show  diat  the 
positive  after-image  has  an  effect  on  the  determination  of  the 
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kind  described  above.  Here,  however,  this  effect  does  not  seem 
so  pronounced  as  it  was  with  the  method  used  by  Diirr.  Two 
reasons  may,  probably,  be  assigned  for  this:  (a)  the  ratio  of  in- 
tensity of  the  standard  and  comparison  lights  is  not  so  large; 
and  (2)  the  time  of  exposure  of  the  standard  light  is  much 
shorter.  Both  of  these  factors,  according  to  the  results  of  Franz 
(given  earlier  in  this  p^^er,  p.  33)  would  tend  to  lessen  the 
effect  of  the  positive  after-image;  still  it  is  very  conceivable  that 
the  positive  after-image  may  have  an  effect  when  the  judgment 
has  to  be  made  just  at  the  moment  both  stimuli  disappear,  as  is 
the  case  in  work  of  this  kind.  In  any  event  the  lack  of  agree- 
ment falls  within  a  just  noticeable  difference,  an  amount  which 
can  hardly  be  considered  of  great  significance  since  the  effect  on 
sensation  of  a  smaller  difference  in  exposure  could  not  be  de- 
tected. In  fact,  the  author  has  sought  an  explanation  of  the 
disagreement  cmly  because  it  was  consistently  in  the  same  direc- 
tion. 

(2)     THE  NEWER  METHODS 

(a)  Method  i.  The  first  step  in  this  method,  it  will  be  re- 
membered, is  to  establish  a  just  noticeable  difference  series  for 
each  color  to  serve  as  a  series  of  graded  standard  sensations 
against  which  to  match  the  sensation  under  investigation  at  the 
various  stages  in  its  rise  to  the  maximum.  In  determining  this 
series  of  just  noticeable  differences,  the  time  of  exposure  to  the 
standard  light  was  kept  constant  at  0.261  seconds  and  the  changes 
in  sensation  were  produced  by  var3ring  the  widths  of  the  two 
halves  of  the  collimator  slit  In  doing  this  the  two  halves  served 
in  alternation  as  standard  and  comparison  until  a  series  of  suffi- 
cient length  was  obtained,  i.e.  the  lower  half,  for  example,  was 
held  constant  and  the  upper  half  was  varied  until  a  just  notice- 
able difference  in  sensation  was  produced;  and  then  the  upper 
half  was  held  constant  at  the  last  setting  of  the  previous  determi- 
nation and  the  lower  half  was  varied,  etc.  until  the  end  of  the 
series  was  reached.  The  sensaticxi  under  investigation  was  then 
compared  with  the  different  members  of  the  series,  the  object 
being  to  find  a  time  of  exposture  to  the  comparison  light  that 
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would  arouse  a  sensation  which  would  match  in  turn  each  just 
noticeably  different  step  in  the  series  until  the  maximum  was 
reached.  For  example,  a  yellow  stimulus  of  0.15 1  meter  candles, 
when  its  time  of  exposure  was  0.051  seconds  gave  a  sensation 
which  was  judged  equal  to  the  fifth  just  noticeable  difference  in 
the  series.  When  a  point  is  reached  beyond  which  no  higher 
step  in  the  series  can  be  matched  by  making  any  further  in- 
crease in  the  time  of  exposure  to  the  comparison  light,  it  is  con- 
cluded that  the  maximimi  response  to  that  light  has  been  attained. 
Two  intensities  of  light  were  used  with  this  method  for  each 
range  of  wave-length,  —0.057  meter  candles  and  0.151  meter 
candles.  The  results  of  the  determinations  are  given  in  Tables 
XI,  and  XII,  and  figures  XIV  and  XV.  It  will  be  noted  in  these 
tables  that  time  has  not  been  taken  to  match  each  just  noticeable 
difference  in  the  standard  series. 

Tablb  XI 

Showing  the  results  of  a  determinatioii  of  the  rise  of  sensatioii  by  Mediod  i. 
Thf  lights  used  to  produce  the  sensation  were  made  photometrically  equal  at 
OJQS7  meter-candles. 
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Table  XII 

Showing  the  resulto  of  a  determiiiation  of  the  rise  of  sensation  by  Method  i. 
The  lights  used  to  produce  the  sensation  were  made  photometrically  equal  at 
0.151  meter-candles. 
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(b)  Method  2.  Method  2  is  an  indirect  method  and  has  not 
the  same  a  priori  claim  to  sureness  of  principle  as  has  Methods 
I  and  3.  The  method  is  based  on  the  assumption  that  the  time 
of  exposure  that  gives  the  greatest  number  of  just  noticeable 
changes  from  the  zero  of  sensation,  is  the  time  most  favorable 
for  light  of  that  intensity  to  produce  sensation,  in  other  words 
is  the  time  which  just  allows  the  sensation  to  reach  its  maximum. 
Besides  determining  for  us  the  time  of  exposure  which  gives  the 
maximum  value  of  the  sensation,  the  method  also  provides  a 
means  of  rating  the  sensation  values  for  different  times  of  ex- 
posure in  terms  of  just  noticeable  differences  from  the  zero.  The 
application  of  the  method  is  as  follows :  Beginning  with  a  very 
short  time  of  exposure  a  just  noticeable  difference  series  is  de- 
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tennined.  This  determination  is  repeated  with  a  slightly  longer 
time  of  exposure.  The  determinations  are  continued,  with  small 
increases  in  the  time  of  exposure,  tmtil  one  is  found  that  gives 
the  greatest  number  of  just  noticeable  differences  from  the  zero 
of  sensation  for  the  light  in  question.  This  time  of  expostu-e  is 
selected  as  the  optimum,  and  the  comparative  values  of  the  other 
exposures  for  producing  sensation  are  rated  by  the  number  of 
just  noticeable  differences  that  were  produced  by  each.  The 
small  changes  of  intensity,  needed  for  making  the  just  noticeable 
difference  determinations,  were  obtained  by  means  of  the  double 
collimator  slit,  previously  described.  The  procedure  in  making 
the  determinations  was  tlie  same  as  used  in  Method  i.  The  re- 
sults obtained  by  the  method  are  shown  in  Table  XIII  and 
figure  XVI.  Since  an  entire  just  noticeable  difference  series 
has  to  be  determined  for  each  interval  of  exposure,  the  time  and 
labor  involved  in  using  the  method  is  great.  For  this  reason  it 
has  been  employed  in  this  investigation  only  as  far  as  was 
needed  to  afford  a  comparison  with  the  results  of  other  meth- 
ods. A  comparison  of  results  with  those  of  Methods  i  and  3 
shows  the  following  points  of  similarity:  the  number  of  just 
noticeable  differences  between  the  zero  and  the  maximum  is  the 
same;  the  order  of  rate  of  rise  for  the  different  colors,  also,  is 
the  same;  and  the  agreement  in  the  lengths  of  exposure  that  are 
required  to  give  the  maximum  of  sensation,  is  fairly  dose. 

Attention  may  be  called  in  passing  to  a  difficulty  in  applsring 
the  method  which  is,  perhaps,  responsible  for  the  lack  of  smooth- 
ness of  the  curves.  Obviously  the  setting  for  a  just  noticeable 
difference  does  not,  for  every  value  of  exposure  that  may  be  se- 
lected, coincide  with  the  slit  width  representing  the  intensity  of 
light  used.  Since  the  just  noticeable  difference  can  not  be  frac- 
tioned,  the  next  lower  integral  value  was  taken  in  each  case  for 
the  number  of  just  noticeable  differences  produced  by  the  given 
time  of  exposure.  The  cases  in  which  the  difficulty  occurred, 
necessitated  the  correlation  of  the  given  number  of  just  notice- 
able differences  with  a  time  of  exposure  a  little  longer  than  the 
correct  value.  With  time  and  patience  it  would,  of  course,  have 
been  possible  to  have  determined  with  minute  exactness  the  in- 
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terval  needed  just  to  give  the  number  of  just  noticeable  differ- 
ences in  questicML  This  should  have  resulted  in  smoother  curves. 
The  results,  moreover,  would  have  been  more  strictly  oxnparable 
with  those  obtained  by  other  methods. 

Tablb  XIII 
•Showinc  the  results  of  a  determination  of  the  rise  of  acnsation  by  Mediod  2. 
The  l^gat  used  to  produce  the  sensations  under  investigation  were  made 
photometrically  equal  at  0.057  meter-candles. 
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(c)  Method  3.  In  this  as  in  the  former  methods,  it  will  be 
remembered,  the  sensation  in  its  rise  towards  the  maximum  is 
graded  in  terms  of  just  noticeable  differences;  but  that  just 
noticeable  differences  are  produced  by  changes  in  the  time  of  ex- 
posure, the  intensity  of  the  light  being  kept  constant  throughout. 

*  The  sign  indicates  that  the  given  just  noticealble  difference  ended  before 
ox>57  meter-candles  was  reached,  but  that  the  next  just  noticeable  difference 
carried  it  beyond  this  intensity. 
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The  procedure  in  applying  the  method  is  as  follows :  The  up- 
per and  lower  halves  of  the  double  slit  of  the  collimator  were  set 
at  a  width  giving  the  desired  intensity'  of  light  and  kept  constant 
throughout  the  series  of  observations.  One  set  of  discs  of  the 
exposure  apparatus  was  dosed  completely  and  the  other  was 
opened  by  a  series  of  adjustments  tmtil  a  just  noticeable  sensa- 
tion was  aroused.  For  the  next  observation,  this  opening  was 
held  constant  and  the  first  set  of  discs  was  opened  until  the  light 
admitted  was  judged  just  noticeably  brighter  than  the  other 
light.  The  series  was  continued,  first  one  and  then  the  other 
light  being  made  the  standard  for  the  new  observaticm,  until  a 
value  of  exposure  was  attained,  no  further  increase  of  which 
caused  a  noticeable  increase  in  brightness.  This  was  accepted 
as  the  optimum,  and  the  sensations  produced  by  the  other  ex- 
posures were  rated  in  terms  of  their  just  noticeable  differences 
from  the  zero. 

Because  of  a  sureness  of  principle  equal  to,  if  not  greater  than 
any  of  the  others,  and  a  greater  ease  and  convenience  of  appli- 
cation, a  wider  range  of  work  was  carried  out  with  this  method 
than  with  any  of  the  others.  Three  intensities  of  light  were 
used;  and  in  addition  to  the  four  colored  lights,  a  white  light, 
formed  by  the  synthesis  of  the  spectrum  from  which  the  ccdors 
were  taken.  The  photometric  values  of  these  intensities  are 
0.057,  0.1 5 1,  and  1. 21  meter-candles.  The  radiometric  values 
are  given  in  Table  VII,  p.  65. 

The  results  obtained  by  this  method  are  given  in  Tables  XIV, 
XV,  and  XVI,  and  Figures  XVII,  XVIII,  XIX.  These  result* 
show  that  the  rates  of  rise  of  sensation  for  the  different  lights 
at  the  intensities  used  are  in  the  following  orders.  For  an  illum- 
ination of  0.057  meter-candles  the  order  is  yellow,  red,  green, 
blue,  and  white — ^the  maximum  for  yellow,  by  an  exposure  of 
o.io  seconds,  the  maximum  for  red,  by  an  exposure  of  0.164 
seconds,  the  maximum  for  green  at  0.190  seconds,  the  maximum 
for  blue  by  an  exposure  of  0.210  seconds,  the  maximimi  for 
white  by  an  exposure  of  0.216  seconds.  For  an  illumination  of 
0.151  meter-candles  the  order  of  rise  is  different  for  different 
parts  of  the  curves.    That  is,  in  passing  from  the  lowest  to  the 
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highest  of  the  three  intensities,  there  is  a  marked  difference  in 
the  order  of  rise  of  the  colors  amounting  to  a  reversal  for  the 
pairs  of  colors  red  and  yellow,  and  blue  and  green.  In  case  of 
the  intermediate  intensity,  as  might  perhaps  be  expected,  the 
tendency  in  the  low  part  of  the  curves  seems  to  be  roughly  fol- 
lowing the  order  of  rise  that  was  shown  in  the  curves  for  the 
lower  intensity';  and  in  the  upper  part  of  the  curves,  to  follow  the 
tendency  shown  in  the  curves  for  the  higher  intensity. 

In  case  of  this  intermediate  intensity,  the  maximum  for  yellow 
was  produced  by  an  expostu-e  of  0.086  seconds ;  for  blue,  by  an 
exposure  of  0.134  seconds;  for  green,  by  an  exposure  of  0.146 
seconds;  for  red,  by  an  exposure  of  0.148  seconds,  and  for  white, 
by  an  exposure  of  0.184  seconds.  For  the  highest  intensity 
1.2 1 1  meter-candles,  blue  could  not  be  obtained  with  the  appa- 
ratus used.  The  order  of  rise  for  the  remaining  lights,  up  to 
within  two  just  noticeable  differences  of  the  maximum  for  green, 
is  green,  yellow,  white  and  red  At  this  point  green  lags  behind 
the  other  colors.  The  maximum  for  yellow,  we  find,  is  pro- 
duced by  an  exposure  0.088  seconds;  for  red,  by  an  exposure  of 
o.ioo  seconds;  for  white,  by  an  exposure  of  0.105  seconds;  and 
for  green,  by  an  exposure  of  0.136  seconds.  It  will  be  noted 
in  a  consideration  of  these  tables  and  curves  that  the  lights 
judged  photometrically  equal  by  the  equality  of  brightness  meth- 
od have  the  same  number  of  just  noticeable  differences  between 
the  zero  and  the  maximum,  with  the  exception  of  green  for  the 
intermediate  and  highest  intensity  and  white  for  the  intermediate 
intensity.  The  additional  just  noticeable  difference,  found  with 
these  two  lights  in  the  cases  mentioned,  may  be  an  individual 
peculiarity.  In  this  connection  it  should  be  remembered,  how- 
ever, as  we  have  stated  in  our  introductory  chapter,  that 
owing  to  the  different  rates  of  rise  and  decay  of  sensation 
for  lights  of  different  composition,  a  photometric  balance  estab- 
lished for  different  wave-lengths  can  be  considered  as  valid  only 
for  the  particular  lengths  of  exposure  of  the  eye  used  in  making 
the  balance.  That  is,  if  a  longer  or  shorter  exposure  should  be 
used,  there  is  no  a  priori  reason  to  expect  that  the  balance  would 
be  valid.    Since  the  photometric  balance  for  the  above  lights  was 
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made  with  a  length  of  exposure  different  from  the  time  required 
for  each  to  give  its  maximum  effect  on  sensation  it  is  not  strange 
from  a  priori  ccnsiderations  that  a  rating  of  these  lights  made 
with  an  exposure  of  the  time  required  for  each  to  give  its  maxi- 
mum effect  should  be  found  to  differ  in  one  or  more  cases  from 
the  photometric  rating.  The  shift  in  the  order  of  rise  for  the 
colors  vrith  increase  of  intensity  which  these  results  show,  may 
account  for  some  of  the  variations  in  the  results  which  have  been 
obtained  by  different  observers.  In  the  work  of  previous  investi- 
gators, it  will  be  remembered,  no  care  was  taken  to  duplicate 
the  intensities  of  light  used  by  other  investigators. 

Table  XIV 
Showing  the  results  of  a  determinatton  of  the  rise  of  sensation  by  Metiiod  3* 
The  lights  «ised  to  produce  the  sensation  under  investigation  were  made 
photometrically  equal  at  ao57  meter-oandles. 

Judgment 


ofbrighfneu 

TWnersqmred 

of  compare 

for  sensa- 

Time of  exposure  in  seconds 

ison  light 

tion  to  rise  to 

Standard 

Comparison 

in  terms  of 

ioitsmaxi* 

Stimulus 

Ughi 

Ught 

stondard  light 

OJOOO 

aoio 

Hgfater 

Qjcao 

aQ26 

M 

ojoaS 

0.044 

«i 

0.044 

0.062 

i< 

0.062 

0.095 

« 

OJ39S 

0.123 

it 

0.193 

0164 

M 

0.164 

0.164 

a2io 

darker 

Yelbw  580/a/i 

0.000 

ojoas 

lighter 

0.005 

0.015 

«< 

OjOIS 

04U6 

« 

0.026 

0.042 

(« 

0XM2 

0.056 

«< 

ox>s6 

0.080 

« 

0.060 

ai03 

u 

0.103 

0.103 

0.121 

darker 

0.121 

0.137 

(« 

0.137 

0.164 

«< 

Green  S^^fi/i 

0.000 

OittO 

lighter 

0.020 

ox)33 

M 

0.033 

OA46 

u 

0.046 

0.072 

tt 

OJ072 

0.1 13 

€t 
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Stimulus 


Blue  A/SSfjifi 


White 


Table  XIV  (Conthwcd 

Judgment 
of  brightness 
ofcompoT' 
Time  of  exposure  in  seconds    ison  light 
Standard      Comparison     in  terms  of 
light         standard  light 
lighter 


light 
0.1 13 
0.151 
0.190 
0.000 
0.010 
0.026 

0.044 
0.072 
0.1 13 
0.156 
0.210 
0.000 
0046 
0.057 
0.078 
0.105 
0.138 
0.179 
0.216 
0.271 


Hght 
0.151 
0.190 

0.245 
0,010 
0.026 


0.072 
aii3 
0.156 
0.210 
0.261 
0.046 
ox)S7 
ox)78 
aio5 
0.138 

0.179 
0.216 
0.271 
0.327 


darker 
lighter 


Time  required 

for  sensa- 
tion to  rise  to 
to  its  maxi' 
mumx^ue 

0.190 


0.210 


darker 
lighter 


0.216 


darker 


Table  XV 
Showing  die  results  of  a  determination  of  the  rise  of  sensation  by  Mediod  3. 
The  lights  used  to  i>roduce  the  sensation  tmder  investigation  were  made  photo- 
metrically equal  at  ai50  meter-candles. 


Stimulus 


Red  6861 


W 


Judgment  of 

Time  required 

Time  € 

)f  exposure 

brightness 

forsensch 

in 

seconds 

of  compart- 

tiontorise 

son  light 

to  its  maxi- 

Standard 

Comparison 

in  terms  of 

mum  value 

light 

light 

standard  light 

in  seconds 

0.000 

0.007 

lighter 

0.007 

0.015 

<« 

0.015 

0.033 

M 

0.033 

0.049 

« 

0.049 

0.077 

M 

0.077 

0.106 

« 

0.106 

0.134 

«l 

0.134 

0.148 

a 

0.148 

0.148 

0.184 

darker 

0.184 

0.212 

M 

0.212 

0.255 

M 
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Table  XV  (Qmtinoed) 

Judgment  of 

Time  of  exposure 

brightness 

in 

seconds 

of  compari- 
son light 

Standard 

Comparison 

in  terms  of 

Stimulus 

light 

light 

standard  light 

YeUow  580^ 

ojxn 

aoo7 

liuiter 

aoo; 

0.01S 

<« 

aoi5 

0.024 

« 

0.Q24 

0.033 

M 

ao33 

0.044 

M 

0.044 

ox>56 

« 

OJ036 

ao68 

M 

0,068 

ao86 

« 

0086 

aii3 

darker 

aiX3 

ai37 

M 

Green  5XX/ifA 

0.000 

aoio 

lighter 

aoio 

0.020 

a 

aoao 

aosi 

It 

aoji 

ao42 

«< 

OJ042 

ojosi 

a 

ojosi 

ox)68 

u 

ao68 

0.085 

u 

ao85 

aii3 

M 

aiX3 

0.146 

M 

0.146 

0.206 

darker 

o.ao6 

0.246 

M 

'Blue  4^3^ 

OJOOO 

aoio 

lighter 

aoio 

0.015 

M 

0.015 

0020 

M 

0.020 

0.036 

<« 

0^)36 

0.053 

« 

0.053 

0.080 

M 

01080 

aio9 

« 

0.109 

0.134 

« 

0.134 

0.148 

darker 

ai48 

0.174 

«« 

0.174 

0.245 

<« 

WhHe 

0.000 

0.034 

lighter 

0.034 

0.046 

M 

ao46 

0.055 

M 

0.05s 

0.066 

« 

0.066 

ao8o 

U 

ojo8o 

0.098 

M 

0.008 

0.124 

M 

0.124 

0.X5X 

M 

0.151 

ai84 

M 

•  —    •      :   ■ 

ai84 

a2o6 

darker 

Time  required 
for  sensa- 
tion to  rise 
to  its  maxi- 
mum value 
in  seconds 


ao86 


ai46 


0.134 


0.184 
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Table  XVI 
Showing  the  results  of  a  determination  of  the  rise  of  sensation  by  Method  3. 
The  Jights  used  to  produce  the  sensation  under  investigation  were  made 
photometrically  equal  at  1.21  meter-candles. 


Judgment  of 

Time  required 

Time 

of  exposure 

of  brightness 

forsensa- 

in 

seconds 

of  compari- 
son light 

tiontorise 
to  its  Maxi- 

Standard     Comparison 

in  terms  of 

mum  value 

Stimulus 

light 

light 

standard  light 

in  seconds 

Red  686^^ 

aooo 

0.003 

lighter 

aoo3 

0.007 

u 

oxf07 

0.012 

tt 

0.012 

0.016 

t4 

0.016 

ao2i 

it 

0.021 

ao26 

it 

■ 

0.026 

0.033 

a 

0.033 

0.044 

w 

oxm 

0.052 

M 

OX>52 

0.063 

tt 

0.063 

0.078 

t« 

0.078 

0.090 

a 

0.090 

0.100 

M 

0.100 

0.100 

0.129 

darker 

0.129 

0.IS3 

•4 

Yellow  580^ 

0.000 

0.002 

lifi^ter 

0.002 

0.004 

<4 

0.004 

aoo7 

14 

0.007 

0.010 

<4 

0.010 

0.015 

4« 

0.015 

O.Q20 

44 

O.Q20 

0.026 

41 

O.Q2b 

0.033 

44 

0.033 

0.043 

" 

0.043 

0.055 

44 

0.055 

0.069 

<4 

0.069 

ati86 

M 

0.086 

0.088 

M 

0.068 

0.088 

0.106 

darker 

aio6 

0.126 

M 

Green  5"fv* 

OXXX) 

aoo2 

lighter 

O.0Q2 

0.0Q4 

44 

0.004 

0.006 

44 

0.006 

0.009 

« 

0.009 

0.01 1 

44 

0.01 1 

ox>i3 

44 

0.013 

0.016 

4< 
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Stimuiui 


White 


Table  XVI  (G)iitinued) 

Judgment  of 

Time  required 

Time  of  exposure 

of  brightness 

for  sensa- 

in seconds 

of  compari- 

tion to  rise 

son  light 

to  its  maxi- 

Standard 

Comparison 

in  terms  of 

mum  value 

light 

Ught 

standard  light 

in  seconds 

0.010 

0.022 

lighter 

0.022 

0.034 

(1 

ao34 

0.046 

« 

ox^6 

0.060 

« 

0.060 

0.072 

<4 

0.Q72 

0.112 

<l 

O.I  12 

0.136 

U 

0.136 

0.136 

0.160 

darker 

0.000 

0.004 

lighter 

0.004 

0.007 

«4 

0.007 

0.006 

U 

0.008 

0.013 

« 

0.013 

0.018 

(( 

0.018 

0.022 

(( 

0.022 

0.Q28 

<( 

0.026 

0.036 

« 

0.036 

0.044 

l( 

0.044 

0.057 

(( 

0.057 

0.072 

« 

0.072 

0.088 

l< 

0.088 

0.10S 

<l 

0.105 

0.105 

0.122 

darker 

As  stated  in  a  preceding  section,  one  of  the  objects  of  the 
work  has  been  an  intercomparison  of  the  results  obtained,  both 
by  the  new  methods  and  such  of  the  older  ones  as  seemed  pos- 
sible, from  the  same  observer  working  under  the  same  experi- 
mental conditions  and  with  the  same  wave-lengths  and  intensi- 
ties of  light.  In  order  to  facilitate  such  a  comparison,  the  re- 
sults for  each  color  by  all  of  the  methods  have  been  represented 
in  the  same  chart.  For  the  three  new  methods,  curves  have  been 
plotted  showing  the  rates  of  rise  of  sensation  to  the  maximum 
in  terms  of  just  noticeable  difference  steps.  This  could  not  be 
done,  of  course,  for  the  methods  of  Broca  and  Sulzer,  Exner, 
and  Kunkel,  since  these  methods  provide  a  means  of  determin- 
ing only  the  time  required  for  the  sensation  to  rise  to  its  maxi- 
mum.   All  that  could  be  done  in  those  cases  was  to  represent  the 
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FiGUKE  XIX 

Showing  the  results  of  a  determination  of  the  rise  of  sensation  1^  Method  3. 
The  lights  to  produce  the  sensations  under  investigation  were  made  photo- 
metrically equal  at  i^i  meter-candles. 
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optimum  exposures  at  appropriate  points  in  the  charts.  These 
charts  are  shown  in  Figures  XX  and  XXI.  An  inspection  of 
the  charts  shows  a  close  agreement  in  the  curves  representing 
the  rise  of  sensation  for  the  thr^  new  methods.  It  will  be  seen 
also  that  the  results  obtained  by  the  methods  of  Broca  and  Sul- 
zer  and  Exner,  in  the  form  in  which  we  have  used  them,  show 
a  close  agreement  with  those  obtained  by  the  new  methods,  in 
the  only  way  in  which  they  can  be  compared.  That  is,  they  give 
nearly  the  same  value  for  the  optimum  time  of  exposure.  Kun- 
kel's  method,  it  will  be  noted,  shows  a  poorer  agreement,  al- 
though the  point  of  disagreement,  as  stated  earlier  in  this  paper, 
falls  within  the  change  in  the  exposure  that  would  be  required  to 
produce  a  just  noticeable  difference  in  sensation.  A  much  more 
serious  objection  to  its  use  than  its  lack  of  agreement  with  other 
methods,  is  its  infeasibility  and  cumbersomeness  of  application. 
Compared  in  this  latter  regard,  which  is  a  very  important  one, 
from  the  laboratory  point  of  view,  it  is  the  least  feasible  of  all 
the  methods.  Of  the  four  remaining  methods,  the  method  of 
Broca  and  Sulzer  is  more  convenient  and  feasible  in  practice 
than  that  of  Exner;  and  Method  3  is  the  most  and  Method  2 
the  least  convenient  and  feasible  of  the  new  methods.  From  the 
point  of  view  of  a  priori  sureness  of  principle  Methods  i  and  3 
have,  in  our  opinion,  the  greatest  claim  to  consideration;  and  of 
these  Method  3  has  a  great  advantage  in  convenience  and  feasi- 
bility of  application.  For  general  laboratory  purposes,  it  is  the 
most  promising  of  any  that  we  have  taken  into  account  in  mak- 
ing this  study." 

We  have  in  the  foregoing  study  attempted  to  make  a  compari- 
son of  the  results  of  the  methods  of  previous  investigators  with 

*"  So  far  as  convenience  of  use  is  concerned,  it  is  only  fair  to  say,  however, 
that  in  any  given  case,  the  equipment  of  the  laboratory  must,  of  course,  be 
taken  into  consideration.  If  there  is  any  difference  in  the  ease  or  accuracy 
with  which  the  variations  in  time  and  the  variations  in  intensity  can  be  made 
with  the  apparatus  available,  this  might,  perhaps,  determine  the  choice  be- 
tween the  two  methds.  But  even  from  the  view-point  of  simplicity  of  the 
equipment  needed,  Method  3  has  a  decided  advantage  over  Method  i  and  2. 
However,  if  the  determination  of  the  rise  of  sensation  is  to  be  made  for  a 
great  number  of  intensities  of  light.  Method  i  has  a  greater  claim  to  con- 
sideration from  the  standpoint  of  relative  quickness  and  speed  of  operation 
than  is  indicated  above. 
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Figure  XX 
Showing  a  comparison  of  the  results  of  a  determination  of  the  rise  of 
sensation  by  the  different  methods  used  in  this  investigation.    The  lights  used 
to  produce  the   sensations  tmder  investigation  were  made  photometrically 
equal  at  0.057  meter-candles. 
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Figure  XXI 
Shoiving  a  comparison  of  the  results  of  a  determination  of  the  rise  of 
sensation  by  the  different  methods  used  in  this  mvestigation.     The  lights 
used  to  produce  the  sensations  under  investigation  were  made  photometrically 
equal  at  0.151  meter-candles. 
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the  same  observer  and  with  a  similar  technique  and  apparatus. 
It  would  be  a  matter  of  a  great  deal  of  interest  if  we  could  also 
compare  the  results  obtained  by  the  originators  of  these  meth- 
ods with  our  own;  but,  as  we  have  already  stated  in  giving  our 
reason  for  making  the  comparative  study  ourselves,  this  has  not 
been  possible.  In  reviewing  all  of  the  results  which  have  been 
obtained  by  these  investigators  there  seem  to  be  but  two  sets 
which  can  be  compared  with  our  own.  These  are  the  results 
given  by  Biichner  and  by  Lough  on  the  time  that  is  required  by 
differen  intensities  of  white  light  to  arouse  the  maximum  of 
sensation.  In  all  other  cases  the  specifications  of  the  light  with 
regard  to  composition  and  intensity  were  too  fragmentary  and 
indefinite  to  allow  of  any  comparison;  or,  in  the  case  of  Broca 
and  Sulzer  an  entirely  different  range  of  intensities  was  used. 
It  is  rather  remarkable  that  in  comparing  these  results  with  ours 
so  close  an  agreement  should  be  found  considering  that  the  lights 
were  only  of  the  same  order  of  intensity  and  that  we  have  no 
a  priori  reason  to  suppose  that  the  lag  is  the  same  for  all  ob- 
servers. Table  XVII  shows  a  comparison  of  these  sets  of  re- 
sults. 

Table  XVn 

Time  necessary 
Intensity  in  to  arouse 

Observer  meter-candles       maximum  response 

Bills    0.057  0.216 

Biiichner 0.072  0.250 

Lough    0.097  0.148 

Biichner  0.145  0.200 

Bills    0.150  0.180 

Biichner 0.260  ai20 

Lough 0.288  o.iio 

Bills    1.211  0.105 

Lough    1.552  aioo 

Lough    6.208  ao8o 

Lough    24^832  ojoigo 

It  is  very  probable  that  there  is  a  closer  agreement  from  ob- 
server to  observer  in  the  amount  of  lag  for  white  than  for  col- 
ored light.  The  author  hopes  as  one  of  the  features  of  a  later 
work  to  make  a  comparative  study  of  this  phenomenon  for  both 
colored  and  white  light  with  a  number  of  observers  using  the 
same  method  of  making  the  determination  and  the  same  inten- 
sity of  light. 
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CONCLUSION 

In  conclusion,  the  following  points  may  be  mentioned:  (i) 
Previous  investigators  of  the  lag  in  the  responses  of  the  retina 
to  lights  of  different  compositions  and  intensities  have  worked 
with  one  method  alone  and  have  not,  as  a  rule,  specified  their 
conditions  of  experimentation  with  sufficient  definiteness  and 
precision  that  their  work  can  be  reproduced  or  their  results  be 
compared  with  each  other.  Moreover,  only  one  of  the  methods 
used  by  them  was  designed  to  give  the  rate  of  rise  of  sensation 
to  its  maximum  as  weU  as  the  time  required  for  the  maximum 
to  be  reached;  and  the  principles  on  which  this  method  is  based 
are  open  to  criticism. 

(2)  The  object  of  the  present  study  has  been  to  devise  new 
methods  and  to  compare  the  results  obtained  by  them  with  those 
obtained  by  the  more  promising  of  the  older  methods  with  the 
same  observer,  under  the  same  conditions  of  experimentation 
and  with  the  same  wave-lengths  and  intensities  of  light.  In  a 
preliminary  study  four  of  the  older  methods,  with  some  needed 
modifications,  were  chosen  for  the  purposes  of  this  comparison. 

(3)  A  very  close  agreement  in  the  rate  of  rise  of  sensation 
was  obtained  by  the  new  methods  for  each  kind  and  intensity  of 
light  used.  A  close  agreement  also  was  obtained  by  all  of  the 
new  methods,  and  two  of  the  old  for  the  time  required  for  sen- 
sation to  reach  its  maximum  in  each  of  the  cases  compared.  A 
poorer  agreement  was  obtained  by  the  method  of  Kunkel  and  a 
still  poorer  one  by  the  method  of  Diirr.  Both  of  these  latter 
methods  also  proved  very  difficult  and  cumbersome  of  applica- 
tion. 

(4)  Of  the  new  methods,  i  and  3  seem  to  have  the  greatest 
a  priori  sureness  of  principle,  also  to  agree  the  most  closely  with 
each  other  in  result.  Of  these,  3  is  the  most  feasible  and  con- 
venient of  application  and  of  all  the  methods  we  have  used,  seems 
to  be  the  most  promising  for  general  laboratory  purposes. 

(5)  A  different  rate  of  rise  of  sensation  is  found  for  the  dif- 
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f erent  wave-lengths  and  for  white  light.  That  is,  the  retina  is 
not  only  selective  in  the  amount  of  its  response  to  wave-length, 
but  it  is  selective  also  in  the  lag  it  shows  in  giving  its  full  re- 
sponse. This  selectiveness  in  lag  of  response  also  varies  with 
the  intensity  of  the  light  used 

(6)  With  the  highest  intensity  of  light  used,  1.211  meter 
candles,  the  order  of  rate  of  rise  (Method  3)  from  fastest  to 
slowest,  up  to  within  two  just  noticeable  differences  of  the  maxi- 
mum for  g^een,  was  green,  yellow,  white,  and  red.  At  this  point 
green  lags  behind  the  other  colors.  Blue  was  not  used  in  this 
determination  because  it  could  not  be  obtained  of  the  required 
photometric  value  with  our  apparatus.  With  the  lowest  intensity 
of  light  used,  0.057  meter  candles,  the  order  was  yellow,  red, 
blue,  green  and  white.  With  the  intermediate  intensity  0.151 
meter  candles  the  order  varies  at  different  stages  in  the  rise. 
Near  the  maximum  it  is  yellow,  green,  blue,  white,  and  red. 
Near  the  threshold  it  is  red,  yellow,  blue,  green,  and  white.  Far- 
ther up,  near  the  middle  of  the  course  (at  the  third  just  notice- 
able difference),  it  is  blue,  yellow,  green,  red,  and  white. 

(7)  With  increase  of  intensity  of  light  there  was  a  decrease 
in  the  time  required  to  produce  the  maximum  response.  This 
decrease  was  more  rapid  for  green  and  blue  and  slower  for  red 
and  yellow. 

(8)  It  was  stated  in  our  introductory  section  that  one  of  the 
objects  of  this  comparative  study  of  methods  was  to  find  one 
that  would  be  sufficiently  feasible  in  operation  to  be  used  in  an 
investigation  of  the  characteristic  difference  in  the  results  ob- 
tained by  different  observers  with  the  equality  of  brightness  and 
flicker  photometers.  Method  3  is  recommended  for  this  purpose. 
In  this  investigation  determinations  of  lag  and  photometric  de- 
terminations should  be  made  by  the  same  observers  for  the  same 
kinds  and  intensities  of  light  with  the  object  of  finding  out 
whether  the  deviations  of  the  photometric  balance  obtained  by 
the  method  of  flicker  from  that  obtained  by  the  equality  of 
brightness  method  are,  for  a  given  observer,  in  accord  with  what 
might  be  expected  from  the  amount  and  distribution  of  lag  for 
that  observer.  An  investigation  of  this  kind  is  already  in  prog- 
ress in  the  Bryn  Mawr  laboratory. 
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CHAPTER  I 

Historical  Introduction 

This  study  is  concerned  with  the  fact  that  the  interpolation  of 
certain  forms  of  activity  between  learning  and  recall  may  posi- 
tively accelerate  the  forgetting  process.  The  general  phenom- 
enon is  clearly  demonstrated  in  the  retroactive  inhibition  of 
Miiller  and  Pilzecker^  and  in  the  retrograde  amnesia  of  the 
psycho-pathologists.  Taken  together  the  several  investigations 
of  this  problem  that  have  been  made  during  the  past  twenty 
years  prove  conclusively  that  a  positive  acceleration  of  the  for- 
getting process  does  occur  imder  certain  conditions  of  interpola- 
tion. Just  what  those  conditions  are,  however,  still  remains 
doubtful.  Miiller  and  Pilzecker,  who  were  the  first  experimental- 
ists to  study  this  matter  directly,  made  a  number  of  generaliza- 
tions which  later  work  has  failed  to  verify  with  anything  like 
completeness.  In  light  of  this  it  has  been  my  purpose  to  re-ex- 
amine the  facts  of  the  case  with  fresh  methods  in  order  to  extend  , 
or  qualify  previous  statements.  •  ' 

The  Effect  of  Similarity  Between  Original 
Learning  and  the  Interpolated  Activity 

Miiller  and  Pilzecker  made^the  statement  that  retroactive  in-i 
hiWtjonj^as^  they  obtained,  it,  is  not  diijLlQ..thc..sia3ilaritj.  of.  the  i 
original  learning  to  the_  interpolated  activity.  They  worked  with^ 
the  conventional  nonsense  syllable  material.  After  the  study 
of  a  given  series  |f  syllables,  a  definite  time  interval  ^as  allowed 
to  elapse  before  Rie  test  for  the  series  was  made.  This  interval 
was  given  over  to  "rest"  or  to  some  form  of  mental  activity, 
usually  the  study  of  a  second  series  of  syllables.  Both  the  "Right 
Associates"  and  "Saving"  methods  were  employed.  In  the 
former  case  recall  time  was  measured  by  means  of  a  Hipp  chron- 

^  Muller,  G.  £.,  and  Pilzecker,  A.,  Zeitschrift  fur  Psychologie,  Erganzungs- 
band  I,  1900. 
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oscope  and  sound-key.  Retention  after  work  is  compared  with 
retention  after  rest  in  eight  slightly  differing  instances.  The  re- 
sults show  that  recall  of  a  previously  learned  list  of  syllables  is 
not  as  complete  nor  as  rapid  after  a  period  of  prescribed  mental 
activity  as  it  is  after  a  period  of  rest,  i.  e.,  a  period  during  which 
activity  is  free  except  for  the  fact  that  the  original  syllables 
must  be  kept  out  of  mind.  In  all  but  two  of  the  experiments 
of  Miiller  and  Pilzecker  interpolated  work  consisted  in  the  study 
of  a  series  of  syllables.  The  two  exceptions,  however,  are  crucial 
in  the  minds  of  these  investigators.  In  both  cases  the  subjects 
studied  pictures  instead  of  syllables  during  the  interpolated 
period.  The  process  was  memorial  in  that  the  subjects  were 
called  upon  to  describe  the  pictures  after  they  were  removed  from 
view.  The  results  here  show  that  recall  is  not  so  good  after 
studying  the  pictures  as  it  is  after  an  equal  period  of  so-called 
rest.  Moreover,  a  comparison  of  these  results  with  those  where 
syllables  were  studied  during  the  interpolated  interval  shows  that 
the  forgetting  process  is  as  much  accelerated  in  one  case  as  it  is 
ifi^the  other.  Upon  ^this.  fact  Miiller  and^PilzeckeiJjasgd  their 
conclusion  that  thete  is  no  relationship  between  similarity  of  in- 
terpolated activity  to  original  learning  and  the  amoimt  of  retro- 
active inhibition, 

Fraulein  Heine,*  with  methods  very  much  like  those  of  Miiller 
and  Pilzecker,  obtained  results  which  in  the  main  substantiate 
those  of  the  earlier  investigators.  Nineteen  experiments  in  recog- 
nition memory  showed  no  evidence  of  retroactive  inhibition. 
Positive  results  were  obtained,  however,  from  a  series  of  experi- 
ments in  recall  memory.  The  "Right  Associates"  and  "Saving" 
methods  were  employed.  For  interpolated  work  the  subjects 
studied  pictures,  lists  of  four-place  numbers,  or  consonants.  The 
main  memorized  material  was  again  nonsense  syllables.  All 
forms  of  interpolation  show  inhibition  as  compared  with  rest. 
Unfortunately  Heine's  experiments  were  so  arranged  that  no 
accurate  estimate  can  be  made  of  possible  differences  in  effective- 
ness between  the  forms  of  interpolated  work  which  she  intro- 

*  Heine,  R.,  Zeitschrift  fur  Psychologic,  68,  1914,  pp.  161-236. 
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duced.  Unfortunately,  too,  her  results  give  no  basis  for  com- 
paring the  effectiveness  of  interpolated  work  similar  to  the 
original  learning  with  that  of  interpolated  work  comparatively 
dissimilar  to  the  original  learning.  Probably  she  accepted  the 
comparison  made  by  Miiller  and  Pilzecker  as  needing  no  further 
test. 

Before  Heine's  work  was  published  in  full,  DeCamp'  carried 
out  a  series  of  experiments  which  he  hoped  might  give  more 
exact  definition  to  the  conception  of  retroactive  inhibition  formu- 
lated by  Miiller  and  Pilzecker.  ^  In  most  of  his  experiments  De- 
Camp  used  nonsense  syllables  for  original  learning  and  multipli- 
cation for  interpolated  work.    D*^ain£[s  results,  unlike  those  pf 
Heine,  show  little  evidence  of  retroactive  inhibition  being  at 
work.    On  the  whole  recall  after  rest  is  better  than  recall  after 
work,  but,  considering  the  individual  experiments,  this  result  is   J 
not  very  decisive.    DeCamp  concludes  from  his  own  results  that 
retroactive  inhibition  is  of  questionable  importance  where  original  - 
learning  and  interpolated  work  are  of  a  different  nature.     He  / 
suggests  that^the  effects  of  retroactive_inbibitXQnjpmx..yary.di-  / 
rectly  as  the  similarity  of  interpolated  work  to  the  learning.  This  ' 
isJiy  way  of  an  aftermath,  however,  since  he  has  no  data  to  sup- . 
port  this  JhtypQthesis^  except  in  the  negative  sense  that  he  ob-i 
tained  little  inhibition  where  learning  and  interpolated  work; 
were  dissimilar. 

Tolman,*  like  DeCamp,  was  interested  m  further  investigating 
retroactive  inhibition  where  interpolated  work  and  original  learn- 
ing are  comparatively  dissimilar.  The  originally  memorized 
materials  were  words,  numbers  and  nonsense  syllables.  For  in- 
terpolated work  the  subjects  memorized  numbers  or  consonants. 
The  method  of  "Right  Associates"  was  used  throughout.  Al- 
though no  attempt  was  made  to  compare  the  effects  of  similar 
and  dissimilar  interpolated  work,  the  results  throw  further  light 
upon  DeCamp's  suggestion  that  retroactive  inhibition  is  of  doubt- 
ful importance  where  interpolated  work  and  original  learning  are 

*  DeCamp,  J.  E.,  Psychol.  Monog.,  191 5,  19. 
*Tolman,  E.  C,  Psychol.  Monog.  19x7-1918,  25. 
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dissimilar.  Tolman's  results  are  more  in  accord  with  those  of 
Miiller  and  Pilzecker  and  Heine.  Out  of  eleven  experiments 
bearing  on  this  point,  eight  give  positive  evidence  of  inhibition 
being  present,  two  are  ambiguous,  while  one  shows  better  recall 
after  work  than  after  rest.  Thus,  under  certain  ccmditions  at 
least,  the  retroactive  effects  of  dissimilar  interpolated  work  may 
be  quite  marked. 

Webb'  and  Brockbank*  studied  the  effects  of  interpolated 
activities  upon  the  retention  of  motor  habits.  Both  used  mazes 
for  the  original  learning.  Webb,  who  worked  on  both  rats  and 
humans^  employed  RmjlsLr^^^  |  j^,^  thfePlMt^ry  fff  Otb<^^ 

m^zes.  Hi§i:esult&  am  positive.  The  learning  of  a  second  maze 
has  a  disintegrating  effect  upon  a  maze  previously  learned  for  all 
but  37%  of  his  subjects  in  one  experiment  and  for  all  but  26.7% 
in  another.  In  Brockbank's  investigation,  where  only  rats  were 
used,  the  interpolation  was  comparatively  dissimilar  to  the  origi- 
nal learning.  After  acquiring  a  maze  habit  his  test  group  began 
practice  on  a  rope-ladder  problem.  A  comparison  of  the  reten- 
tion of  the  original  maze  habit  by  this  group  with  that  of  a  group 
which  did  not  work  on  a  second  problem  shows  a  lack  of  disin- 
tegrating effect  for  the  interpolated  learning.  In  fact  the  rats 
who  learned  the  second  problem  show  better  retention  than  those 
who  did  not.    The  positive  findings  of  Webb  and  the  negative 

i findings  of  Brockbank  (that  is,  negative  so  far  as  a  disintegra- 
tion process  is  concerned)  suggest  that  at  least  in  the  field  of  mo- 
tor learning  there  may  be  a  very  real  relationship  between  the 
similarity  of  interpolated  activity  to  original  learning  and  the 
amount  of  retroactive  inhibition. 

Von  Kries,^  E.  Meyer,*  Bigham*  and  McC.GamWe*®  mention 
indirectly  the  disintegrative  effects  of  interpolated  activities,  but 
they  bring  out  few  facts  which  throw  any  light  upon  the  results 
of  the  major  investigations  in  this  field. 

» Webb,  L.  W.,  Psychol.  Monog.,  1917,  24. 

0  Brockbank,  T.  W.,  Behav.  Monog.,  1919*  4- 

7  and  s  See  MuUer  and  Pilzecker,  S.  194  and  DeCamp,  p.  7. 

•  Bigham,  J.,  Psychol.  Rev.,  1894*  4- 

10  McCGamble,  E.  A.,  PsychoL  Monog.,  1909,  10. 
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It  seems  then  that  aside  from  the  meagre  results  of  Mtiller  and  , 
Pilzecker  and  a  rather  questionable  comparison  of  the  results  of 
Webb  and  Brockbank,  we  have  no  grounds  for  generalizing  about 
the  influence  similarity  between  interpolation  and  learning  may 
have  on  the  process  of  forgetting.     Evidently  the  problem  de-  i 
mands  further  experimentation.  J 

Temporal  Position  of  Interpolated  Work 
In  an  experiment  with  a  single  subject  Mtiller  and  Pilzecker 
compared  the  amount  of  retroactive  inhibition  where  the  inter- 
polated work  followed  17.2  seconds  after  memorizing  with  the 
amoimt  of  retroactive  inhibition  where  the  work  followed  6 
minutes  after  memorizing.  Considering  amount  of  recall,  the 
inhibition  is  greater  under  the  first  condition.  The  average  recall 
time  shows  the  opposite  result,  but  there  are  more  very  short 
recall  times  under  the  second  condition.  Miiller  and  Pilzecker 
conclude  from  these  not  unequivocal  results  that  the  earlier  the 
work  is  engaged  in  after  memorizing,  the  greater  is  the  resulting 
inhibition. 

DeCamp  was  mainly  concerned  with  the  degrees  of  retroactive 
inhibition  for  different  amounts  and  distributions  of  interpolated 
work.  His  results  fail  to  verify  the  Miiller  and  Pilzecker  general- 
ization regarding  the  effect  of  variation  in  the  temporal  position 
of  interpolated  work.  Quite  possibly,  however,  this  is  due  to  the 
fact  that  under  few  of  DeCamp's  conditions  was  retroactive  in- 
hibition clearly  present 

Influence  of  Degree  of  Learning  i^ 

Heine  carried  out  seven  experiments  in  order  to  discover  the 
relationship  between  degree  of  learning  and  susceptibility  to  re- 
troactive inhibition.  Two  of  these  employed  the  "Saving*' 
method  and  five  the  method  of  "Right  Associates."  Each  experi- 
ment was  a  comparison  of  the  amount  of  inhibition  present  where 
original  lists  of  nonsense  syllables  were  given  more  or  fewer 
repetitions.  Each  experiment  used  one  subject  and  two  degrees 
of  learning.  Her  results  in  all  cases  show  greater  inhibitionfor  I 
the  lists  given  the  fewer  repetitions.  "TTars'facr suggests  that  the ' 
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amni^nt  ni  iti^^ij^itj^n  V^  inversely  related  to  the  degree  to  which 
the  disinte^ated  material  is  learned. 

Influence  of  Conditions  of  Learning 
Tolman  studied  the  relationship  between  conditions  of  learning 
and  susceptibility  to  retroactive  inhibition.     He  measured  this 
susceptibility  under  the  following  four  pairs  of  conditions : 

(i)  Pleasant  vs.  Indifferent  Materials 

(2)  Normal  vs.  Distracted  Attention 

(3)  With  Caffeine  vs.  Without  Caffeine 

(4)  Efficient  vs.  Inefficient  Working  Periods 

(i)  The  memorized  material  in  this  series  of  experiments 
consisted  of  word  lists  or  lists  made  up  of  numbers  and  words. 
These  lists,  by  reference  to  the  words  they  contained,  were  pleas- 
ant or  indifferent  according  to  the  judgments  of  a  number  of  ob- 
servers. Four  experiments  were  carried  out.  In  the  first  of 
these  retroactive  inhibition  is  plainly  evident  and  it  is  greater 
for  the  indifferent  lists.  The  next  three  experiments  show  little 
evidence  for  the  presence  of  inhibition,  but  what  pviHenrf  thetre 
ia^favQrr<^  g^^^ter  inhibition  for  the  indifferent  .lists. 

(2)  In  the  single  experiment  under  this  head  the  subject 
learned  lists  of  alternate  nonsense  syllables  and  words.  As  each 
pair  of  list  elements  was  shown,  a  telegraph  key  clicked  once, 
twice,  or  three  times  and  the  subject  duplicated  the  taps  by  strik- 
ing on  the  table  with  a  pencil.  Less  inhibition  is  shown  for  lists 
learned  under  distracted  attention,  but  the  inhibition  is  so  .small 
in  both  cases  that  no  certain  conclusion  can  be  drawn. 

(3)  In  these  experiments  the  subjects  took  one  and  one-half 
grain  capsules  of  caffeine  on  alternate  days  and  sugar  of  milk 
capsules  on  the  days  between.  They  were  imaware  of  which  were 
caffeine  and  which  non-caffeine  days.  Of  the  two  experiments 
conducted,  both  give  some  evidence  for  greater,  inhibitioa  oa.tbe 
non-caffeine  days. 

(4)  There  were  six  experiments  in  the  last  group.  Lists  of 
nonsense  syllables  learned  in  a  morning  period  were  compared 
with  lists  learned  directly  after  the  midday  meal  or  in  the  eve- 
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ning.    The  results  are  pretty  clearly  in  favor  of  greater  inhibi-  ^ 
tion  for  the  afternoon  and  evening  lists. 

It  is  evident  from  Tolman's  work  that  susceptibility  to  retro- 
active inhibition  is  affected  by  the  conditions  of  learning.  Under 
what  he  calls  more  stimulating  conditions  of  learning — learning 
pleasant  material,  learning  after  taking  caffeine,  learning  in  an 
efficient  hour  of  the  day — there  is  less  probability  of  retroactive 
inhibition  being  effective  than  under  less  stimulating  conditions — 
with  indifferent  material,  without  caffeine  or  in  an  inefficient  hour 
of  the  day. 

Relative  Susceptibility  of  Men  and  Rats 
TO  Retroactive  Inhibition 

In  Webb's  work  human  subjects  show  greater  susceptibility  to 
retroactive  elTectsTHan  do  rats.  Under  six  conditions  where  com- 
parison is  possible  a  larger  percentage  of  human  subjects  mani- 
fested some  degree  of  what  Webb  calls  negative  retroaction.  In 
three  groups  of  human  subjects  ioo%  of  the  individuals  were 
affected,  while  in  no  instance  were  all  the  rats  of  a  group  affected. 
In  terms  of  absolute  and  relative  loss  the  average  disturbance  for 
the  human  groups  is  clearly  greater  than  for  the  rat  groups. 

Direction  of  Acquiring  Two  Habits  and 
Retroactive  Inhibition 

Webb's  experiments  were  so  arranged  that  he  could  determine 
whether  the  retroactive  effects  of  two  activities  upon  each  other 
were  the  same  or  different.  For  instance,  it  was  possible  to  com- 
pare the  effect  of  learning  maze  B  after  maze  A  upon  the  releam- 
ing  of  A  with  the  effect  of  learning  maze  A  after  B  upon  the 
releaming  of  B.  Various  pairs  of  conditions  or  sequences,  as 
A  —  B  and  B  —  A,  were  ranked  according  to  the  amount  of 
retroaction  present.  While  the  correlations  between  these  rank- 
ings are  not  perfect,  Webb  concludes  that  they  are  high  enough 
to  indicate  that  direction  of  learning  is  not  a  deciding  factor  in^ 
determining  the  amount  of  retroactive  inhibition. 
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Influence  of  the  Difficulty  of 
Interpolated  Activity 

\  K^C\  Webb  found  that  the  easier  an  interpolated  maze  is  mastered 

w  0^  ^^^  irrater   li>  tbf?   rr.fiVl^^^Py  npfiativi>   ^-^f^narHnn       His   varioUS 

^  ^  mazes  were  ranked  in  their  order  of  difficulty.    They  were  also 

ranked  according  to  their  retroactive  effects.  Correlation  coef- 
ficients were  calculated  between  the  two  sets  of  values.  Five  out 
of  six  coefficients  are  negative.  Three  of  these  are  —  i.oo  and 
the  other  two  are  between  —  i.oo  and  —  .60. 

Transfer  and  Retroaction 

r —  According  to  Webb's  imdings  there  is  a  negative  correlation 
I  between  positive  transfer  and  negative  retroaction.    The  mazes 
1  used  in  the  retroaction  experiments  had  previously  been  used  in 
uransfer  experiments.    These  mazes  could  be  ranked,  therefore, 
according  to  both  the  positive  transfer  and  the  negative  retroac- 
tion shown  by  them.    Twenty-four  pairs  of  such  variables  give 
twenty-one  negative  correlations.     Five  of  these  are  — i.oo, 
seven  are  between  — i.oo  and  — .70,  and  the  remainder  are 
around  — .50.    Webb  concluded  from  this  that  the  greater  the 
assistance  rendered  by  a  first  maze  in  the  mastery  of  a  second 
maze,  the  less  disturbance  there  will  be  in  releaming  the  first 
maze.    The  same  relationship  is  apparent  in  comparing  humans 
and  rats  in  transfer  and  retroaction.    The  human  subjects  show 
greater  susceptibility  to  negative  retroaction  and  also  less  sus- 
ceptibility to  positive  transfer. 

Pathological  Conditions  of  Retroaction 

The  acceleration  of  the  forgetting  process  due  to  organic  brain 
diseases,  epileptic  attacks,  hysterical  attacks,  convulsions,  severe 
blows  on  the  head,  or  emotional  shocks  is  the  topic  of  a  familiar 
chapter  in  abnormal  psychology.  Retrograde  Amnesia  is  the 
term  usually  employed  to  designate  this  group  of  phenomena. 
The  literature  of  the  subject  abounds  in  concrete  illustrations. 
For  example :  "While  in  an  intoxicated  condition  a  man  received 
a  blow  on  the  head  while  resisting  arrest.    Following  the  injury 


Digitized  by 


Google 


SOME  FACTORS  OF  RETROACTIVE  INHIBITION  9 

he  was  unconscious  for  eight  or  ten  hours,  and  on  regaining  con- 
sciousness found  that  he  was  unable  to  recall  any  events  of  the 
week  previous.  The  memories  of  the  amnesic  period  have  never 
spontaneously  returned,  although  a  period  of  several  years  has 
elapsed.  His  only  knowledge  of  the  events  of  the  week  comes 
through  information  gathered  from  friends."**  Similar  illustrj^- 
tions  might  be  cited  of  the  retroactive  effects  of  other  disturbing 
conditions. 

In  this  connection  it  might  be  well  to  mention  that  cases  of 
Retroactive  Hypermnesia  have  also  been  observed.**  In  such 
cases  commonplace  and  relatively  insignificant  events  taking  place 
before  some  shock  or  emotional  crisis  are  afterwards  recalled 
with  unusual  vividness. 

Theories  of  Retroactive  Inhibition" 

(i)  The  Perseveration  Theory.  Miiller  and  Pilzecker  be- 
lieved that  the  processes  underlying  perseveration  and  retro- 
active inhibition  are  the  same.  According  to  this  theory^jBiginoriz- 
ing  is  folloy,edi>y..a^^^eriod  of  gradually  diminishing  f^rtivity  .of^ 
the  ngttraLeleiflentS..mYnlvf d.  in  .the,  mfimorizing-  Exidsstly  this 
after-activity  is  of  vital  importance  in  the  setting-in  of  the  mem-. 
SEZ-PAttSffl-  Now,  the  introduction  of  any  kind  of  strenuous 
mental  work  while  this  setting-in  is  still  going  on  wilLiatetJfere 
in  some-wajuiyitb.  the_prpgress  of  the  setting jn  piospss.  Memo- 
rized material,  therefore,  will  not  be  as  well  retained  where 
memorizing  is  followed  by  mental  work  as  where  it  is  followed 
by  comparative  rest  As  the  after-activity  diminishes  gradually, 
the  deleterious  effects  of  interpolated  work  will  vary  inversely  as 
the  time  elapsing  between  the  end  of  memorizing  and  the  begin- 
ning of  the  work.  This  theory  is  supported  by  two  of  the  find- 
ings of  Miiller  and  Pilzecker :  ( i )  One  kind  of  strenuous  mental  | 
work  gives  as  great  inhibitory  effects  as  another,  although  they 
differ  decidedly  in  their  relative  resemblance  to  the  original 

i^Coriat,  I.  H.,  Abnormal  Psychology,  1910,  p.  183. 
i«Stratton,  G.  M.,  Psychol.  Rev.  1919,  26. 

^*ln  presenting  these  theories  I  have  not  in  all  cases  attempted  to  use 
the  exact  language  of  the  writers  referred  to. 
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memorizing;  and  (2)  Interpolated  work  beginning  17.2  seconds 
after  memorizing  shows  greater  inhibitory  effects  than  inter- 
polated work  beginning  6  minutes  after  memorizing.  This  ex- 
planation of  retroactive  inhibition  has  received  rather  wide  ac- 
ceptance, but  it  should  be  remembered  that  the  experiments  from 
which  Miiller  and  Pilzecker  derived  their  most  critical  results 
are  not  very  convincing  from  a  quantitative  point  of  view.  Fur- 
thermore, later  work,  while  it  has  disproved  none  of  their  main 
tenets,  has  yet  failed  to  verify  them. 

(2)  The  Transfer  Theory.  DeCamp  suggested  that  the 
small  amounts  of  inhibition  which  he  obtained  might  be  ex- 
plained by  an  extensively  modified  form  of  a  theory  commonly 
used  to  explain  transfer  of  training?  "From  the  neurological 
standpoint,  in  the  learning  of  a  series  of  syllables,  we  may  as- 
sume that  a  certain  group  of  synapses,  nerve  cells,  nerve  paths, 
centres,  etc.  are  involved.  Immediately  after  the  learning  pro- 
cess the  after-discharge  continues  for  a  short  time,  tending  to  set 
•^  the  associations  between  the  just  learned  syllables.  Any  mental 
activity  engaged  in  during  this  after-discharge,  involving  or 
partially  involving  the  same  neurological  group,  tends,  more 
or  less,  to  block  the  after-discharge  and  to  give  rise  to  retroactive 
inhibition.  Engagement  in  any  mental  activity  involving  a  new — 
so  far  as  it  is  new — group  of  synapses,  neurones,  etc.,  would 
allow  the  setting-in  process  of  the  just  excited  group  to  proceed 
unhindered.  The  effect  of  retroactive  inhibition  would  vary  di- 
rectly  as  the  relitive^  identity  of  the  neurological  groups  in- 
volved."^*  This  theory  can  not  be  taken  literally,  of  course,  be- 
cause, in  progressing  toward  greater  and  greater  identity  of 
neurological  groups,  we  must  reach  a  point  where  the  good  ef- 
fects due  to  repetition  are  greater  than  the  bad  effects  due  to 
interference.    It  may  hold,  however,  within  certain  limits. 

DeCamp's  theory  differs-irom  that  of  Miiller  and  Pilzecker  in 
that  the  inhibition  is  supposed  by  him  to  be  a  function  of  the 
relative  identity  of  original  memorizing  and  interpolated  work, 
rather  than  of  the  difficulty  of  the  interpolated  work.    The  two 

i*Op.  Cit.  p.  62. 
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theories  are  alike  in  that  both  consider  the  interruption  of  a  set- 
ting-in  process  as  the  primary  cause  of  the  disintegration  or  in- 
hibition. 

(3)  Other  Explanations,  Webb  has  suggested  two  explana- 
tions of  retroactive  inhibitioii  in  terms  of  transfer  without  refer- 
ence to  a  possible  setting-in  process  following  memorizing.  In 
the  first  plac6,  certain  elements  in  the  original  learning  process  I 
may  become  transferred  from  the  pattern  of  the  original  learn- 
ing to  the  pattern  of  the  interpolation,  so  that  the  recall  of  the 
originally  learned  material  is  interfered  with.  In  the  second 
place,  there  may  be  a  transfer  of  elements  of  the  interpolation  <>< 
to  the  situation  in  which  the  original  material  is  recalled.  This 
introduction  into  the  recall  of  certain  extraneous  elements  may 
have  deleterious  effects.  Webb  points  out  that  there  is  no 
theoretical  reason  why  these  effects  should  always  be  deleterious ; 
they  may  conceivably  be  facilitative  as  well  as  inhibitory. 

There  are  still  other  explanations  which  may  be  applied  to 
special  cases  of  accelerated  forgetting.  Where  the  interpolated 
activity  is  very  strenuous,  the  general  efficiency  of  the  organism 
may  be  so  low  that  the  process  of  recall  can  not  function  nor- 
mally. Where,  as  in  many  cases  of  retrograde  amnesia,  the  inter- 
polation supposedly  causing  disintegration  is  distinctly  patho- 
logical, the  impressionability  of  the  organism  may  be  subnormal 
for  some  time  before  the  evident  onset  of  the  pathological  state. 

Evaluation  of  Current  Theories 

A  consideration  of  current  theories  of  retroactive  inhibition, 
or  whatever  one  chooses  to  call  it,  in  light  of  our  empirical 
knowledge  indicates  that  none  of  these  theories  has  any  great 
amount  of  factual  support.  Further  observations  are  necessary 
before  we  can  accept  any  one  of  them  either  as  it  stands  or  in 
modified  form.  It  is  quite  possible,  too,  that  no  single  theory 
may  ever  suffice  and  that  radically  different  explanations  may 
have  to  be  formulated  for  the  different  conditions  under  which 
the  forgetting  process  is  positively  accelerated. 
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The  Most  Immediate  Problems 
The  subject  of  retroactive  inhibition  offers  almost  limitless  <^ 
portunities  for  investigation.  But  two  problems,  it  seems  to  me, 
especially  deserve  attention :  ( i)  The  relationship  between  retro- 
active inhibition  where  learning  and  interpolation  are  similar, 
and  retroactive  inhibition  where  the  two  are  comparatively  dis- 
similar; and  (2)  The  influence  of  the  temporal  position  of  in- 
terpolated work  upon  the  degree  of  retroactive  inhibition.  Ex- 
periments on  both  of  these  topics  are  included  in  the  present 
study.  There  is  also  a  third  investigation  which  deals  with  the 
susceptibility  to  retroactive  effects  of  materials  learned  with  vary- 
ing degrees  of  completeness. 
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CHAPTER  II 

Experiments  with  Interpolation  Similar 
AND  Dissimilar  to  Original  Learning 

Three  experiments  were  conducted  to  determine  whether  the 
degree  of  retroactive  inhibition  is  in  any  way  related  to  the  sim- 
ilarity between  the  interpolation  and  original  learning.  This 
question,  as  I  have  pointed  out,  has  already  received  both  an  af- 
firmative and  a  negative  answer.  But  the  affirmative  answer  given 
by  DeCamp  has  no  basis  in  experimental  fact,  and  Mtiller  and 
Pilzecker's  negative  answer  is  based  upon  very  limited  data. 

Experiment  I 

Materials,  Methods,  and  Subjects 

The  originally  memorized  material  consisted  of  series  of  eight  ^ 

four-place  numbers.    These  series  were  made  up  by  chance,  with 

the  following  limitations :  '^ 

(i)  No  digit  within  one  number  occurs  in  the  immediately 
preceding  or  following  number. 

(2)  No  digit  occurs  twice  in  the  same  niunber. 

(3)  No  digit  immediately  precedes  another  digit  one  more  in 
value. 

(4)  The  numbers  1357,  2468  and  3579  were  never  used. 
Each  number  series  was  typed  on  a  three-by-five-inch  card. 

The  presentation  was  simultaneous  and  the  subject  was  given  the 
following  instructions : 

"I  have  here  a  series  of  four-place  niunbers.  You  will  have 
three  minutes  during  which  to  study  them.  Later  I  shall  ask 
you  to  reproduce  in  proper  order  as  many  of  these  numbers  as 
you  can." 

Three  minutes  after  presenting  the  number  series  the  experi- 
menter removed  it  from  before  the  subject  and  directed  him  to 
engage  in  one  of  five  forms  of  interpolated  activity  for  a  period 
of  three  minutes.     An  average  of  approximately  15  seconds 
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elapsed  between  the  end  of  the  three  minutes  of  original  memo- 
rizing and  the  beginning  of  the  three  minutes  of  interpolated 
activity.  The  interpolated  activities  and  the  directions  the  sub- 
ject received  for  each  were  as  follows : 

(A)  Numbers — Memorizing  a  siecond  series  of  four-place 
numbers. 

Directions:  "I  have  here  another  series  of  four-place  num- 
bers. You  will  have  three  minutes  during  which  to  study  them. 
Later  I  shall  ask  you  to  reproduce  in  proper  order  as  many  of 
these  numbers  as  you  can." 

(B)  Consonants — Memorizing  a  series  of  twenty  consonants 
arranged  in  a  vertical  column.  Each  series  was  a  chance  ar- 
rangement of  all  the  consonants  except  w.  No  consonant,  how- 
ever, immediately  followed  or  preceded  a  consonant  adjacent  to 
it  in  the  alphabet. 

Directions',  "I  have  here  a  series  of  consonants.  You  will 
have  three  minutes  during  which  to  study  them.  Later  I  shall 
ask  you  to  reproduce  in  proper  order  as  many  of  these  conson- 
ants as  you  can." 

(C)  Poetry — Memorizing  a  passage  of  descriptive  poetry. 
Each  of  the  three  passages  used  was  selected  from  Sir  Walter 
Scott's  Rokeby.  They  were  the  first  i8  lines  of  Stanza  XVII, 
Canto  Second,  the  first  i8  lines  of  Canto  Fifth,  and  the  first 
20  lines  of  Canto  Sixth. 

Directions :  "I  have  here  a  passage  of  poetry.  You  will  have 
three  minutes  during  which  to  study  it.  Later  I  shall  ask  you  to 
reproduce  as  much  of  this  poetry  as  you  can." 

(D)  Multiplication — Solving  four-place  by  four-place  multi- 
plication problems.  Three  sets  of  twelve  problems  each  were 
used.  Each  problem  was  a  chance  arrangement  of  the  eight  digits 
from  2  to  9  inclusive.  Each  set  was  typed  on  a  sheet  of  paper 
which  allowed  ample  space  for  the  subject's  calculations. 

Directions:  "I  have  here  a  series  of  multiplication  problems. 
You  will  have  three  minutes  during  which  to  work  on  them. 
Work  as  accurately  and  as  rapidly  as  you  can." 

(E)  Reading — Reading  simple  narrative  pr-ose  with  no  at- 


Digitized  by 


Google 


SOME  FACTORS  OF  RETROACTIVE  INHIBITION  15 

tempt  to  memorize.  The  following  three  stories  by  Richard 
Harding  Davis  were  used:  Miss  Delmar's  Understudy,  The 
Editor's  Story,  and  The  Man  with  One  Talent. 

Directions:  "I  have  here  a  story.  You  will  have  three  min- 
utes during  which  to  read  in  it.  Read  naturally  and  make  no 
attempt  to  memorize  what  you  read."  The  subject  began  his 
reading  at  the  beginning  of  the  story  with  which  he  was  pre- 
sented. 

In  all  cases  the  subjects  were  unable  to  finish  with  the  material 
upon  which  they  were  working  during  the  three-minute  inter- 
polated interval. 

Immediately  after  the  three-minute  interpolated  period,  the 
experimenter  placed  pencil  and  paper  before  the  subject  and  said  : 
"Write  here  in  proper  order  as  many  as  you  can  of  the  series 
of  numbers  (or  "first  series  of  numbers"  in  case  the  interpolated 
activity  was  also  memorizing  a  number  series)  which  you  studied. 
Work  as  accurately  and  rapidly  as  you  can."  These  directions 
took  about  8  seconds.  By  means  of  a  stop-watch  the  experi- 
menter measured  the  time  between  the  end  of  his  directions  and 
the  subject's  signal  that  he  was  through  with  the  reproduction. 

As  soon  as  the  subject  had  completed  his  work  on  the  repro- 
duction of  the  original  number  series  he  was  asked  for  a  repro- 
duction of  the  interpolated  material  where,  as  in  (A),  (B),  and 
(C),  it  was  of  a  sort  to  be  memorized. 

The  plan  of  the  experiment  can  be  seen  as  a  whole  in  the  fol- 
lowing outline: 

Step  ( I )  Directions  for  original  memorizing. 

Step  (2)  Memorizing  numbers — ^3  minutes. 

Step  (3)  Directions  for  interpolated  activity — approximately 

15  seconds. 
Step  (4)  Memorizing  numbers, 

Memorizing  consonants, 

Memorizing  poetry,  — 3  minutes 

Multiplying,  or 

Reading. 
Step  (5)  Directions  for  recall  of  the  original  material — ^ap- 
proximately 8  seconds. 
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Step  (6)  Recall  of  original  number  series. 

Step  (7)  Directions  for  recall  of  interpolated  material. 

Step  (8)  Recall  of  interpolated  material. 

Four-place  numbers  were  chosen  for  original  memorizing  be- 
cause of  the  ease  with  which  lists  of  fairly  constant  difficulty 
could  be  prepared,  and  because  pairs  of  such  lists  selected  at  ran- 
dom seemed  more  apt  to  have,  between  the  members  of  each  pair, 
a  constant  degree  of  similarity  than  pairs  of  lists  of,  say,  non- 
sense syllables. 

The  interpolated  activities  employed  were  selected  as  fairly 
representative  of  activities  which  may  operate  retroactively  in 
similar  real-life  situations.  Memorizing  numbers  was  selected 
because  of  its  close  similarity  to  the  original  memorizing.  Memo- 
rizing consonants  was  selected  as  like  the  original  memorizing 
in  that  it  is  comparatively  meaningless,  although  the  two  are  un- 
like in  content.  Memorizing  poetry  is  like  the  original  memoriz- 
ing in  that  it,  too,  is  memorial,  but  it  is  much  more  meaningful. 
Multiplication  is  non-memorial,  but  it  is  similar  to  the  original 
memorizing  in  content,  i.  e.,  numbers  are  manipulated  in  both. 
Reading  simple  prose  was  selected  as  approximating  the  passive 
condition  which  other  investigators  have  taken  as  rest.  It  seemed 
unwise  to  employ  day-dreaming  or  undirected  thought  for  two 
reasons:  (i)  Most  of  my  subjects  were  inexperienced,  and 
(2)  Even  with  experienced  subjects  some  objective  control  of 
rest  was  desirable. 

All  of  the  subjects  stated  that  they  never  rehearsed  the  original 
number  series  during  the  interpolated  interval.  Now  and  then  a 
subject  would  report  that  one  or  two  of  the  niunbers  had  come 
to  mind,  involuntarily  as  it  were,  during  the  interpolation. 

Fifteen  subjects  served  in  the  present  experiment.  There  Were 
eight  women  and  seven  men.  Five  men  and  five  women  were 
undergraduates  in  the  University  of  Cincinnati,  one  man  was 
an  undergraduate  in  the  University  of  Chicago,  and  three  women 
and  one  man  were  graduate  students  of  psychology  in  the  Uni- 
versity of  Chicago.  None  of  the  subjects  was  aware  in  any  de- 
tailed way  of  the  purpose  of  the  experiment 
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Each  of  the  fifteen  subjects  went  through  each  of  the  five 
conditions  of  the  experiment  three  times.     The  regular  experi- 
mentation was  preceded  by  five  sittings  at  which  the  subjects  ob- 1 
tained  practice  in  studying  and  reproducing  series  of  four-place 
numbers.    During  this  practice  the  study  period  was  three  min- 1 
utes  in  length,  and  recall  came  immediately  after  the  completion 
of  the  study  period.    Only  one  series  of  numbers  was  studied  at 
each  of  the  practice  sittings.    Before  the  completion  of  the  prac-  \ 
tice  most  of  the  subjects  formulated  a  study  method  which  they  ; 
followed  throughout  the  experiment. 

A  further  precaution  was  taken  to  guard  against  effects  which 
practice  might  have  on  the  final  results.  The  subjects  were  di- 
vided into  three  groups  of  five  each.  Each  subject  within  a  given 
group  went  through  the  five  conditions  in  different  order,  so  that 
each  condition  was  favored  by  equal  amounts  of  practice  in  the 
general  procedure  of  the  experiment.  Table  I  shows  the  ar- 
rangement of  experimental  conditions  for  a  single  group  during  a 
single  five-day  cycle.  Subsequent  cycles  to  the  first  were  repeti- 
tions of  the  same  arrangement. 


TABLE  I 

Subject 

Day  I 

Day  2 

Days 

Day  4 

Days 

I         Cond. 

A 

B 

C 

D 

E 

2         Cond. 

B 

C 

D 

E 

A 

3         Cond. 

C 

D 

E 

A 

B 

4         Cond. 

D 

E 

A 

B 

C 

5         Cond. 

£ 

A 

B 

C 

D 

Experimentation,  including  preliminary  practice,  was  con- 
ducted on  five  days  (Monday  to  Friday)  of  four  weeks.  In  the 
case  of  the  first  two  groups  the  Thanksgiving  recess  made  it 
necessary  to  suspend  work  during  the  fourth  successive  week.  It 
was  resumed  and  concluded,  therefore,  during  the  fifth  week. 
The  same  conditions  were  adhered  to  in  work  with  the  third 
group,  which  was  carried  on  a  year  later  than  the  work  with  the 
other  two. 

On  any  given  experiment  day  all  subjects  had  the  same  number 
series  for  their  original  memorizing.  This  fact  at  least  partially 
counteracted  possible  inequalities  in  the  difficulty  of  different 
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series,  for  each  interpolated  activity  was  tested  once  with  each 
series. 

It  was  impossible  to  test  all  subjects  at  the  same  time  of  day, 
but,  within  any  week,  the  sitting  times  for  the  individual  subjects 
were  kept  practically  constant.  In  three  or  four  instances  it  was 
necessary,  because  of  unpredictable  circumstances,  to  omit  a  day's 
work  during  the  regular  week  and  add  on  a  Saturday  sitting,  or 
to  work  with  some  individual  from  Tuesday  until  Saturday  in- 
stead of  from  Monday  until  Friday. 

The  subjects  were  directed  not  to  talk  about  the  experiment 
to  anyone  until  it  was  completed. 

Criteria  of  Recall 

In  order  to  measure  the  degrees  of  retroactive  inhibition  pres- 
ent under  the  different  conditions  of  the  experiment,  it  was  neces- 
sary to  compare  the  efficiency  of  recalling  the  original  numbers 
after  the  five  kinds  of  interpolation.  Three  criteria  of  recall 
were  selected:  (i)  Amount  of  Recall — the  number  of  digits 
recalled  irrespective  of  their  correctness;  (2)  Error  of  Recall — 
the  percentage  of  the  total  digits  recalled  which  were  incorrect  or 
in  incorrect  position.  Each  four-place  number  which  was  one 
place  removed  from  its  correct  position  was  counted  as  a  single 
error.  A  four-place  number  more  than  one  place  removed  from 
its  correct  position  was  counted  as  four  errors.  (3)  Time  of 
Recall — the  total  time  taken  for  reproduction  divided  by  the  total 
number  of  digits  given  in  the  reproduction. 

These  criteria  were  employed  in  all  of  the  experiments  of  this 
research  except  Experiment  III. 

Results 

The  contents  of  Table  II  were  obtained  by  averaging  the 
records  of  the  fifteen  subjects.  Each  subject's  record  was  deter- 
mined by  taking  the  average  of  his  performance  under  each  con- 
dition in  the  three  cycles  or  weeks  of  the  experiment. 

By  all  criteria  the  interpolation  of  a  second  series  of  numbers 
has  the  greatest  disintegrating  effect  upon  a  number  series  pre- 
viously learned.     Reading  causes  the  least  inhibition  by  the 
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TABLE  II 


CONDITION 

AMOUNT 

ERROR 

TIME 

Numbers 

15.4  digits 

27.5% 

5.73  Sees. 

G)nsonants 

22.4      " 

17.4% 

3.07     " 

Poetry 

21.9      " 

19.3% 

3.57     " 

Multiplication 

22.1      ". 

15.7% 

3.55     " 

Reading 

22.8      " 

16.5% 

3.03     " 

amount  and  time  criteria  and  next  to  least  by  errors.  Poetry 
causes  the  next  to  most  inhibition  by  all  three  criteria.  Between 
consonants  and  multiplication  there  is  little  basis  for  differentia- 
tion. These  two  seem  to  lie  somewhere  between  Poetry  and 
Reading  in  the  degree  of  inhibition  shown.  According  to  this 
table,  then,  Numbers  shows  the  most  inhibition,  Poetry  the  next 
most,  Consonants  and  Multiplication  the  next  most,  and  Reading 
the  least. 

The  conditions  other  than  Numbers,  however,  differ  from 
each  other  by  amounts  whose  statistical  certainty  is  questionable. 
Each  average  represents,  in  a  sense,  45  individual  measures 
and  upon  this  basis  it  might  seem  profitable  to  evaluate  these 
averages  by  the  ordinary  probable  error  method.  On  the  other 
hand,  the  45  measures  are  distributed  among  only  15  subjects. 
In  other  words  the  actual  number  of  cases  from  which  each  aver- 
age is  figured  is  15,  too  small  a  number  about  which  to  make  any 
such  assumptions  as  are  required  by  a  method  reliably  applicable 
only  to  normally  distributed  variables.  It  will  be  necessary, 
therefore,  in  further  estimating  the  results  of  this  experiment,  to 
inspect  the  records  of  the  individual  subjects  in  some  detail. 

Tables  III,  IV,  and  V  present  for  the  three  criteria  the  average 
performance  of  each  of  the  fifteen  subjects  under  each  condition 
of  interpolation.  There  are  also  entered  in  these  tables  the  ranks 
of  the  different  conditions  according  to  the  amounts  of  inhibition 
which  they  show.  Where,  under  Numbers,  a  figure  /  appears  in 
the  column  headed  Ranks,  it  means  that  for  the  subject  con- 
cerned recall  was  most  disturbed  after  the  interpolation  of  num- 
bers. A  rank  of  5  means  that  a  given  subject,  under  a  given  con- 
dition, was  disturbed  least. 

These  tables  will  be  examined  with  two  main  questions  in 
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mind :  ( i )  Does  the  interpolation  of  numbers  clearly  show  more 
inhibition  than  the  other  conditions?  and  (2)  Are  there  any  con- 
vincing differences  among  those  other  conditions? 

TABLE  III 

Amount  op  Reoox 

(Total  Digits) 

ants         Poet] 

AVER- 
NKS       AGES  RAl 
8  18.7       ^ 

5  14-7      i 

i  9-3      ^ 

2  25.3       ; 

t.5        22.7      ] 

1  21.0     : 

5  25.3     ^ 

}  21.0     2 

J  25.3     ^ 

2  30.7       ^ 

1  32.0       ^ 

2  12.3        I 

1  19.3      ; 
*  24.7      i 

2  26.0       i 

TABLE  IV 

Ebror  of  Recall 

i%  of  Recall  Erroneous) 


Numbers 

Consonants 

Poetry 

Multiplication 

Rea< 

ling 

AVEB- 

AVER- 

AVER- 

AVER- 

AVER- 

SUBJECT 

AGES  RANKS 

AGES  RANKS 

ACZS  RANKS 

AGES  RANKS 

AGES  RANKS 

I 

1S.7 

17^ 

2 

18.7 

4 

16.7 

I 

18.7 

4 

2 

&3 

17.7 

5 

14-7 

4 

13.3 

3 

13^ 

2 

3 

14.7 

1 1.7 

4 

9-3 

2 

7-3 

I 

10.7 

3 

4 

23.0 

23.3 

2 

25.3 

3 

30.0 

5 

27^ 

4 

5 

23.0 

22.7 

1.5 

22.7 

1.5 

24.3 

4 

24.7 

5 

6 

16.3 

^.3 

4 

21^ 

2 

24^ 

3 

29.0 

5 

7 

5.3 

28.0 

S 

25.3 

3.5 

22.7 

2 

25.3 

3.5 

8 

8^ 

22.7 

3 

21.0 

2 

24.7 

5 

24.0 

4 

9 

I2X) 

24.0 

3 

25.3 

4.5 

25.3 

45 

23.0 

2 

10 

30^ 

30.0 

2 

30.7 

4 

30.0 

2 

32.0 

s 

II 

16.0 

32X) 

4 

32.0 

4 

30.7 

2 

32.0 

4 

12 

12.0 

8.3 

2 

12.3 

5 

9.0 

3 

6.0 

I 

13 

21.7 

I&3 

I 

19.3 

3 

18.7 

2 

20.7 

4 

14 

14.3 

32.0 

4 

24.7 

2 

32.0 

4 

32.0 

4 

15 

8.0 

20.7 

2 

26.0 

5 

22.3 

3 

23.7 

4 

Numbers 

Consonants 

Poetry 

Multiplication 

Reading 

AVER- 

AVER- 

AVER- 

AVER- 

AVER- 

SUBJECT 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES! 

LANK 

I 

28 

4 

30 

2.5 

40 

24 

5 

30 

2.5 

2 

20 

3 

22 

2 

23 

4 

4 

0 

5 

3 

17 

2 

9 

4 

49 

8 

5 

15 

3 

4 

32 

23 

3 

19 

24 

2 

18 

5 

5 

25 

20 

4 

16 

29 

1.5 

29 

1.5 

6 

48 

18 

5 

33 

3 

34 

2 

21 

4 

7 

25 

3 

5 

23 

2 

6 

4 

7 

3 

8 

19 

18 

3 

22  . 

I 

16 

4 

4 

5 

9 

II 

1.5 

3 

4 

0 

5 

6 

3 

II 

1.5 

10 

54 

39 

2 

28 

3 

20 

5 

27 

4 

II 

10 

0 

45 

4 

3 

0 

45 

9 

2 

12 

25 

23 

2.5 

II 

5 

23 

2.5 

20 

4 

13 

35 

32 

3 

7 

5 

13 

4 

33 

2 

14 

31 

3 

5 

4 

3.5 

14 

2 

4 

3.5 

15 

33 

18 

3 

II 

5 

15 

4 

20 

2 
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TABLE  V 

Time 

OF  Recall 

(/4v.  Tiffin  m 

S'^r  J.  ^^r  P^'O 

Numbers 

Consonants 

Poetry 

Multiplication 

Reading 

AVER- 

AVER- 

AVER- 

AVER- 

AVER- 

SlTBJECr 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  KANKS 

I 

7.6 

2 

6.7 

3 

64 

5 

6.5 

4 

7-7 

I 

2 

7.1 

2.0 

4 

2.5 

3 

3-1 

2 

1.8 

5 

3 

1.9 

2.8 

3 

49 

2 

5.6 

I 

2.7 

4 

4 

4A 

2.6 

5 

3^ 

2 

2.8 

3.5 

2.8 

3.5 

5 

4.8 

2.4 

5 

4.5 

2 

34 

4 

43 

3 

6 

41 

3.0 

3 

3.3 

2 

2.6 

4 

1-9 

5 

7 

6.1 

1.9 

5 

24 

4 

45 

2 

3.1 

3 

8 

13.5 

3.8 

3 

4-4 

2 

2.3 

5 

24 

4 

9 

2.9 

0.9 

5 

1.2 

3 

I.I 

4 

1.5 

2 

10 

7-5 

6.5 

3 

64 

4 

84 

I 

42 

5 

II 

5.5 

M 

4 

1.2 

5 

1.6 

3 

2.1 

2 

12 

1.0 

1.8 

3 

1.3 

4 

44 

2 

5.1 

I 

13 

3-2 

34 

2 

41 

I 

2.3 

4 

2a 

5 

14 

12.5 

3.3 

3 

6.5 

2 

2.8 

4 

2.1 

5 

15 

3.8 

3.5 

2 

M 

5 

1.8 

3 

1.6 

4 

Considering  Table  III,  it  appears  that  nine  out  of  fifteen  sub- 
jects show  the  highest  degrees  of  inhibition  under  the  Numbers 
condition.  One  subject  shows  the  greatest  inhibition  under  Con- 
sonants, two  under  Multiplication,  and  one  under  Reading.  With 
one  subject  there  is  a  tie  for  greatest  inhibition  between  Con- 
sonants and  Poetry  and  with  another  a  tie  between  Niunbers, 
Consonants  and  Multiplication.  The  group  as  a  whole,  then,  suf- 
fers the  greatest  inhibition  after  memorizing  a  second  number 
series.  Among  those  subjects  who  are  not  most  affected  by 
Niunbers,  the  greatest  inhibition  is  caused  by  now  one  and  now 
another  of  the  other  conditions,  with  no  quantitative  emphasis 
upon  any  one  condition  in  particular. 

The  lack  of  differentiation  among  the  conditions  other  than 
Numbers  is  also  seen  upon  considering  the  tendency  of  each  of 
those  conditions  to  cause  least  inhibition — ^to  rank  fifth.  Read- 
ing shows  least  inhibition  with  three  subjects,  and  Niunbers, 
Consonants,  Poetry  and  Multiplication  with  two  each.  The  re- 
maining subjects  show  ties  for  least  inhibition  among  various 
conditions.  These  differences  are  no  greater  than  might  be  ex- 
pected by  chance. 
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Table  IV  shows  nine  subjects  in  whom  retroactive  inhibition 
is  greatest  under  the  Numbers  condition  and  a  tenth  is  most 
affected  by  Numbers  and  Reading,  the  two  being  tied.  With 
four  subjects  there  is  greatest  inhibition  under  Poetry,  and  with 
one  a  tie  for  greatest  between  Multiplication  and  Reading.  This 
would  seem  to  indicate  that  Poetry  stands  somewhere  between 
Numbers  and  the  other  conditions  in  the  amount  of  inhibition 
which  it  causes.  Such  a  conclusion  is  contradicted,  however, 
by  the  fact  that  in  this  same  table  five  subjects  have  least  in- 
hibition under  the  poetry  condition,  while  only  three  subjects 
show  the  least  inhibition  in  each  of  the  conditions,  Consonants, 
Multiplication  and  Reading. 

From  Tables  III  and  IV,  then,  one  can  safely  conclude  only 
this  much;  that  memorizing  numbers  causes  a  greater  degree  of 
retroactive  inhibition  than  the  other  conditions,  and  that  among 
those  other  conditions  there  are  no  significant  differences. 

Table  V  tells  about  the  same  story.  Ten  subjects  suffer  most 
in  their  recall  after  the  interpolation  of  numbers.  Of  the  other 
five  subjects,  two  suffer  most  after  Multiplication,  two  after 
Reading  and  one  after  Poetry,  a  result  which  shows  no  decided 
preference  for  any  one  condition.  Reading  is  the  best  condition 
for  five  subjects,  Consonants  for  four,  Poetry  for  three.  Numbers 
for  two,  and. Multiplication  for  one.  There  is  some  evidence 
here  that  Reading  is  more  favored  than  certain  of  the  other  con- 
ditions. 

Summary 
By  the  criteria  of  amount,  errors  and  time,  memorizing  a 
number  series  between  the  memorizing  and  recall  of  another 
number  series  causes  marked  disintegration  of  the  first  series. 
Memorizing  consonants  or  poetry,  or  solving  multiplication 
problems  have  approximately  equal  effects  upon  the  retention  of 
a  number  series.  There  is  a  slight  chance  that  Reading  causes 
interpolated  period,  as  under  the  Multiplication  condition,  but  this 
fact  is  not  statistically  certain.  In  other  words,  the  experiment 
indicates  retroactive  inhibition  where  original  learning  and  inter- 
polation are  highly  similar,  and  little  or  none  where  they  are 
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comparatively  dissimilar.  It  is  interesting  to  note  that  similar 
material  (four-place  numbers)  may  be  dealt  with  during  the 
interpolated  period,  as  under  Multiplication  condition,  but  this 
fact  alone  does  not  insure  any  more  retroactive  inhibition  than 
is  obtained  in  certain  cases  where  the  interpolated  material  is 
quite  dissimilar  to  the  original  memorizing. 

Experiment  II 
Materials,  Methods,  and  Subjects 

The  originally  memorized  material  again  consisted  of  series  of 
four-place  numbers.  Series  employed  in  Experiment  I  were  also 
used  in  this  experiment,  since  no  subject  served  in  both  experi- 
ments. The  method  of  presenting  this  material,  the  directions 
given  the  subject,  and  the  length  of  time  devoted  to  memorizing 
and  to  the  interpolated  activities  (3  minutes  for  each)  were  the 
same  as  in  the  previous  experiment. 

Experiment  II  differs  from  Experiment  I  mainly  in  the  inter- 
polated activities  used.  The  five  interpolated  activities  and  the 
directions  given  for  each  were  as  follows : 

(A)  Four-Place  Numbers — This  condition  and  the  directions 
for  it  were  the  same  as  (A),  Experiment  I. 

(B)  Digits — Memorizing  a  series  of  32  digits,  the  same  num- 
ber as  contained  in  Condition  (A),  arranged  in  a  single  vertical 
column. 

Directions:  "I  have  here  a  series  of  digits.  You  will  have 
three  minutes  during  which  to  study  them.  Later  I  shall  ask  you 
to  reproduce,  in  proper  order,  as  many  of  these  digits  as  you 
can." 

(C)  Mental  Multiplication — Performing  two-place  by  two- 
place  multiplications.  Each  problem  was  made  by  a  chance  draw- 
ing of  the  digits  from  2  to  9  inclusive. 

Directions :  "I  am  going  to  give  you  a  multiplication  problem. 
You  work  it  in  your  head  and  give  me  the  answer  as  soon  as  you 
are  through.  Then  I  shall  give  you  another  problem."  This 
work  was  stopped  as  soon  as  the  three  minute  period  was  up, 
whether  the  subject  was  in  the  midst  of  a  problem  or  had  just 
begun  or  finished  one. 
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(D)  Pictures — Observing  attentively  pictures  of  nudes.  Two 
pictures  were  used,  one  for  each  of  the  two  cycles  of  the  experi- 
ment. They  were  colored  reproductions  (approximately  9  x  15 
inches)  of  Das  Erwachen  by  Anders  Zom  and  Rvhende  Nymphe 
by  Anselm  Feuerbach. 

Directions :  "I  have  here  a  picture.  You  will  have  three  min- 
utes during  which  to  look  at  it.  Confine  your  attention  to  the 
picture  during  the  entire  three  minutes." 

(E)  Readinff — Reading  in  current  editions  of  the  New  York 
Times. 

Directions:  "I  have  here  a  newspaper.  You  will  have  three 
minutes  during  which  to  read  it.  Read  naturally  and  make  no 

^  attempt  to  memorize  what  you  read." 

As  in  Experiment  I,  the  interpolated  period  was  followed  by 

!  the  reproduction  of  the  original  number  series,  and  after  that 

j  came  the  reproduction  of  the  interpolated  material,  where  it 

I  was  of  a  sort  to  be  memorized. 

The  interpolated  activities  of  Experiment  II  were  selected  for 
various  reasons.  Four-place  Numbers  and  Reading  were  se- 
lected for  the  purpose  of  making  possible  a  comparison  of  the 
results  of  this  with  the  results  of  the  previous  experiment.  Less 
grounds  were  provided  for  comparing  the  results  under  Reading, 
of  course,  because  the  materials  read  differed  in  the  two  experi- 
ments, but  Experiments  IV  and  V,  which  had  already  been 
conducted  showed  that  newspaper  reading,  like  reading  in  short 
stories,  causes  comparatively  little  inhibition.  The  memorizing 
of  a  column  of  digits  supplied  a  basis  for  comparing  the  in- 
fluence of  similarity  of  form  with  that  of  similarity  of  content 
upon  retroactive  inhibition.  Mental  Multiplication  introduced  a 
new  factor  into  the  interpolation  of  non-memorial  numerical 
activity.  Where  the  problems  were  done  "in  the  head"  rather 
than  on  paper,  a  certain  sort  of  memorizing  was  required.  That 
is,  the  results  of  completed  operations  had  to  be  retained  while 
other  operations  were  in  progress.  The  observation  of  pictures 
furnished  an  activity  with  some  affective  tone.  (Most  of  the 
subjects  showed  some  evidence  of  embarrassment  during  this 


Digitized  by 


Google 


SOME  FACTORS  OF  RETROACTIVE  INHIBITION  25 

interpolation,  which  was  probably  due  not  alone  to  the  nature  of 
the  pictures,  but  also  to  the  fact  that  the  experimenter  was  a 
comparative  stranger.) 

Ten  subjects  served  in  this  experiment.  All  were  men.  Nine 
were  juniors  and  seniors  and  one  a  graduate  student  in  Yale 
University.    None  was  aware  of  the  purpose  of  the  experiment. 

Each  subject  went  through  each  of  the  five  conditions  twice. 
The  experiment  proper  was  preceded  by  five  sittings  at  which 
the  subjects  obtained  practice  in  memorizing  and  reproducing 
four-place  numbers.  During  this  practice  the  study  period  was 
3  minutes  in  length  and  recall  was  preceded  by  a  3-minute  period 
of  newspaper  reading. 

The  subjects  were  arranged  in  groups  of  five  after  the  manner 
of  Experiment  I. 

The  criteria  of  recall  were  the  same  as  in  the  previous  experi- 
ment, 1.  ^.  (i)  Amount,  (2)  Error,  and  (3)  Time. 

Results 

Table  VI  gives  the  average  amount,  error,  and  time  of  recall 
after  the  five  different  interpolations.  The  table  was  made  up 
by  averaging  the  individual  averages  for  each  condition.  Just 
as  in  Experiment  I,  memorizing  a  second  series  of  four-place 
numbers  shows  the  most  inhibition  by  all  three  criteria.  Reading 
again  shows  the  least  inhibition  by  two  out  of  three  criteria  and 
next  to  least  by  the  third  criterion.  The  actual  difference,  how- 
ever, between  Reading,  Pictures,  and  Mental  Multiplication  are 
slight  By  all  three  criteria.  Digits  is  next  to  Four-Place  Num- 
bers in  the  amount  of  inhibition  shown. 

That  the  results  of  this  experiment  and  those  of  the  first  ex- 
periment are  comparable  is  seen  in  the  degrees  of  retroaction 
caused  by  four-place  numbers  in  the  two  cases.  Considering 
Reading  as  a  norm,  the  percentages  of  retroaction  caused  by 
Four-Place  Numbers,  according  to  the  criteria  of  amount,  error, 
and  time,  are,  in  the  first  experiment,  32,  73,  and  89  respectively, 
and  in  the  second  29,  77  and  63.  The  agreement  is  close,  es- 
pecially for  amount  and  error. 
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TABLE  VI 

CONDITION 

AMOUNT 

ESBOR 

TIME 

Four-Place  Numbers 

15-3  digits 

33.8% 

5.50  Sees 

Digits 

i8^      " 

224% 

4.30     " 

Multiplication 

20.6       " 

21.5% 

4.08     " 

Pictures 

20.6       " 

22.3% 

3.15     " 

Reading 

21.4       " 

19.1% 

3.38     " 

In  order  to  estimate  the  reliability  of  these  results  it  will  be 
necessary,  as  in  the  previous  experiment,  to  turn  to  the  indi- 
vidual records.  These  are  presented  in  Tables  VII,  VIII,  and 
IX.  These  tables  were  made  up  in  the  same  way  as  Tables 
III,  IV,  and  V. 

TABLE  VII 

Amount  of  Recall 

(Total  Digits) 


Four-Place 

Numbers 

Digits 

Multiplication 

Pictures 

Reading 

AVER- 

AVER- 

AVER- 

AVER- 

AVER- 

SUBJECT 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

I 

16.0 

I 

20.0 

2 

24.0 

3.5 

24.0 

3.5 

24.5 

5 

2 

16.0 

3.5 

15.5 

2 

14.5 

I 

16.0 

3.5 

21.5 

5 

3 

9.5 

I 

135 

2 

20.0 

5 

10.5 

3.5 

19.5 

3.5 

4 

6.0 

I 

8.0 

2 

12.0 

3 

18.0 

5 

16.0 

4 

5 

14.0 

I 

18.5 

2 

22.0 

3.5 

26.0 

5 

22.0 

35 

6 

29.5 

3.5 

27.5 

2 

29.5 

3-5 

19.0 

I 

30.0 

5 

7 

19.5 

2.5 

19.5 

2.5 

16.5 

I 

20.0 

4.5 

20.0 

4.5 

8 

10.0 

I 

24.0 

5 

22.0 

3.5 

22.0 

3.5 

20.0 

2 

9 

18.0 

1.5 

18.0 

1.5 

26.0 

5 

21.5 

4 

20.0 

3 

10 

14.5 

I 

18.0 

2 

20.0 

3.5 

20.0 

3.5 

20.4 

5 

TABLE  VIII 

Error 

IN  Recall 

(% 

of  Recall  Erroneous] 

Four-Place 

Numbers 

Digits 

Multiplication 

Pictures 

Reading 

AVER- 

AVER- 

aver- 

AVER- 

AVER- 

SUBJECT 

AGES  RANKS 

AGES  RANKS 

ages  RANKS 

AGES  RANKS 

AGES  RANKS 

I 

S6 

I 

24 

3 

28 

2 

18 

4.5 

18 

4.5 

2 

49 

5 

58 

3.5 

58 

3.5 

64 

2 

70 

I 

3 

58 

I 

28 

2 

0 

4.5 

8 

3 

0 

4.5 

4 

6 

5 

44 

I 

28 

3 

33 

2 

22 

4 

5 

28 

I 

3 

5 

16 

3 

25 

2 

13 

4 

6 

12 

3 

6 

4 

14 

2 

19 

I 

3 

5 

7 

40 

I 

31 

2 

19 

3 

IS 

4 

10 

5 

8 

35 

I 

22 

3 

25 

2 

5 

5 

16 

4 

9 

28 

2 

0 

5 

5 

4 

31 

I 

19 

3 

10 

26 

I 

8 

4 

22 

2 

5 

5 

20 

3 
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TABLE  IX 

Time 

OF  Recall 

(Av.  Time  in  Sees, 

per  Digit) 

Four-Place 

Numbers 

Digits 

Multiplication 

Pictures 

Reading 

AVER- 

AVER- 

AVER- 

AVER- 

AVER- 

SUBJECT 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

I 

6.6 

I 

6.2 

2 

5.9 

3 

2.6 

4 

24 

5 

2 

0.7 

5 

2.8 

I 

2.5 

2 

2.2 

3 

1.3 

4 

3 

184 

I 

9.7 

3 

7.0 

5 

8.3 

4 

1 1.8 

2 

4 

1.6 

2 

0.8 

4.5 

0.8 

4.5 

1.2 

3 

2.0 

I 

5 

2.8 

I 

2.7 

2 

14 

5 

1.8 

4 

2.0 

3     • 

6 

3.2 

2 

24 

3 

5.8 

I 

1.7 

5 

2.3 

4 

7 

54 

3 

8.0 

2 

8.6 

I 

4.7 

4 

2.5 

5 

8 

24 

4 

2.8 

2.5 

2.8 

2.5 

2X> 

5 

34 

I 

9 

6.1 

I 

3.2 

5 

3.6 

4 

4^ 

2 

3.9 

3 

10 

7.8 

I 

44 

2 

24 

4 

2^ 

3 

2.2 

5 

Beginning  with  Table  VII,  we  find  six  out  of  ten  subjects 
suffering  most  under  the  Four-Place  Numbers  condition  and  an- 
other subject  who  is  equally  disturbed  by  Four-Place  Numbers 
and  Digits.  Two  suffer  most  after  Mental  Multiplication  and 
one  after  Pictures.  In  other  words,  there  is  plain  evidence  of  a 
greater  amount  of  inhibition  after  Four-Place  Numbers,  but  no 
marked  differences  are  apparent  among  the  other  conditions. 
Four  subjects  are  least  affected  by  Reading,  two  each  by  Mental 
Multiplication  and  Pictures,  and  one  by  digits.  Although  Read- 
ing shows  least  inhibition,  from  a  consideration  of  this  table 
alone,  there  is  little  basis  for  differentiating  among  the  condi- 
tions other  than  Four-Place  Numbers. 

According  to  Table  VIII,  six  individuals  out  of  ten  are  most 
affected  by  Four-Place  Numbers,  two  by  Pictures,  and  one  each 
by  Digits  and  Reading.  Two  each  are  least  affected  by  Four- 
Place  Numbers,  Digits,  Pictures,  and  Reading.  One  subject 
recalled  with  equal  accuracy  after  Mental  Multiplication  and 
Reading,  and  another  with  equal  accuracy  after  Reading  and 
Pictures.  Here  again  Four-Place  Numbers  cause  appreciably 
more  retroactive  inhibition  than  the  other  conditions  and  again 
there  are  few  or  no  apparent  differences  among  those  other 
ccMiditions. 

Table  IX  shows  five  subjects  most  inhibited  by  Four-Place 


Digitized  by 


Google 


18  EDWARD  STEVENS  ROBINSON 

Numbers,  two  each  by  Mental  Multiplication  and  Reading  and 
one  by  Digits.  Three  subjects  are  least  inhibited  by  Reading, 
two  each  by  Mental  Multiplication  and  Pictures,  and  one  each  by 
the  other  two  conditions.  One  subject  is  equally  little  affected 
by  Digits  and  Multiplication. 

Digits  show  some  tendency  to  rank  second  in  degree  of  inhibi- 
tion caused.    This  is  especially  marked  in  Table  VII. 

Summary 

Experiment  II,  like  Experiment  I,  shows  that  there  is  decided 
retroactive  inhibition  where  a  second  series  of  four-place  num- 
bers is  memorized  between  the  memorizing  and  recall  of  a  similar 
original  series.  Among  the  other  conditions,  Reading  shows  the 
least  inhibition.  Although  the  odds  in  its  favor  are  not  great, 
the  fact  that  it  is  the  most  advantageous  condition  in  both  ex- 
periments indicates  that  its  superiority  is  probably  real  and  not 
L  matter  of  chance. 

Memorizing  columns  of  thirty-two  digits  causes  more  inhibi- 
tion than  observing  pictures  or  engaging  in  mental  multiplication. 
But  it  causes  decidedly  less  than  memorizing  a  second  series  of 
four-place  numbers.  The  first  experiment,  in  its  comparison  of 
the  retroactive  effects  of  memorizing  numbers  with  those  of 
multiplication,  brought  out  the  fact  that  the  degree  of  retroactive 
inhibition  is  a  function  of  similarity  of  process  as  well  as  simi- 
larity of  content — that  similar  content  in  original  memorizing 
and  interpolation  does  not  in  itself  guarantee  any  more  inhibition 
than  is  obtained  where  these  contents  are  comparatively  dissim- 
ilar. The  present  experiment  also  shows  but  a  small  degree  of 
inhibition  for  multiplication,  even  though,  in  this  instance,  the 
multiplication  is  to  some  extent  a  memorial  process.  The  results 
of  interpolating  the  memorization  of  vertical  columns  of  digits 
add  the  further  important  fact  that  the  degree  of  retroactive  in- 
hibition is  markedly  influenced  by  similarity  in  the  forms  of  in- 
terpolated and  originally  memorized  materials,  as  well  as  by 
similarity  in  their  contents  or  in  the  processes  involved.  This 
finding  is  the  more  surprising  when  one  recalls  that  nothing  was 
said  to  prevent  the  subjects  from  learning  the  digits  in  groups  of 
fours,  if  they  wished  to  do  so. 
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Experiment  III 

In  the  experiments  so  far  reported  there  was  plain  evidence 
of  retroactive  inhibition  where  original  memorizing  and  inter- 
polation were  very  similar,  and  slight  evidence  of  such  inhibition  ^ 
for  certain  conditions  where  original  memorizing  and  inter- 
polation were  comparatively  dissimilar.  The  present  experiment 
was  planned  to  subject  these  findings  to  further  test. 

The  writer  planned  and  supervised  this  investigation.  The 
actual  experimentation  was  carried  on  by  Mr.  L.  W.  Muntz,  a 
graduate  student  in  psychology  in  Yale  University. 

The  general  procedure  was  suggested  by  DeCamp's  Experiment  < 
XIII.^*'  He,  as  the  reader  will  remember,  was  concerned  only 
with  the  retroaction  caused  by  dissimilar  interpolation.  In  the 
experiment  to  which  I  refer  he  studied  the  effect  of  addition 
and  other  simple  arithmetical  operations  upon  the  retention  of  a 
particular  setting  or  form  of  chess  men.  Five  men  were  used : 
a  pawn,  a  knight,  a  bishop,  a  rook,  and  a  queen.  These  men 
were  placed  in  a  chance  arrangement  upon  a  chess  board  and 
the  subject  was  allowed  fifteen  seconds  to  study  them.  There 
followed  a  three-minute  interval  given  over  to  (i)  Rest  (doing 
nothing)  or  to  (2)  Work  (solving  arithmetical  problems  for 
two  minutes  and  resting  for  one  minute).  At  the  expiration  of 
this  interval  the  subject  tried  to  reconstruct  the  form  which  he 
had  previously  studied.  Time  for  this  reconstruction  was  taken 
with  a  stop-watch.  To  quote  DeCamp,  *'The  error  value  for 
any  chessman,  in  the  reconstructed  form,  was  obtained,  speaking 
mathematically,  by  adding  the  differences  between  the  ordinates 
and  abscissae  in  the  two  cases,  chess-board  squares  considered  as 
units."  DeCamp  failed  to  find  any  evidence  for  retroaction  in 
this  experiment. 

Materials,  Methods  and  Subjects 

Six  chess-men  were  used  in  our  experiihent :  king,  queen, 

knight,  rook,  castle,  and  pawn.     Half  of  the  subjects  worked 

with  a  chess-board  14  x  14  inches  and  half  with  a  board  18  x  18 

inches,  but  in  each  case  the  men  used  were  proportionate  hi  size 

i»  Op.  Cit.  pp.  S7-6a 
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to  the  board.  An  ordinary  focusing  cloth  was  so  arranged  that, 
by  pulling  a  string,  it  could  be  made  to  hide  the  board  or  uncover 
it.  A  stop-watch  was  used  for  all  timing. 
The  men  were  given  a  chance  arrangement  on  the  board 
\  and  then  the  subject  was  given  one  minute  during  which  to  study 
them.  As  soon  as  the  minute  was  up  the  experimenter  directed 
the  subject  (these  directions  took  from  five  to  seven  seconds)  to 
engage  in  one  of  the  following  interpolated  activities  for  one 
minute : 

(A)  Chess — Studying  another  setting  of  chess-men,  or  as  in 
the  majority  of  cases,  reconstructing  a  setting  learned  in  a  pre- 
vious experiment  of  the  same  day. 

(B)  Multiplication — Performing  mentally  two-place  by  two- 
place  multiplications. 

(C)  Reading — Reading  selected  passages  from  American 
Government  and  Politics  by  Robinson  and  Beard. 

Immediately  after  the  interpolated  period  the  subject  was 
again  presented  with  the  chess  board  and  directed  to  place  the 
men  on  the  board  in  their  proper  places  as  quickly  as  possible. 

Six  subjects,  four  men  and  two  women,  served  in  the  regular 
^  experiment.  All  were  university  students.  The  men  were  gradu- 
ates and  the  women  undergraduates.  They  were  informed  that 
tests  were  being  made  on  their  memories.  Aside  from  this,  they 
had  no  knowledge  of  the  purpose  of  the  work. 

The  subjects  served  every  day  for  nine  successive  days.  On 
each  day  each  subject  went  through  all  three  conditions  of  the 
experiment.  Between  tests  for  different  conditions  there  were 
rest  periods  of  about  ten  minutes,  usually  devoted  to  random 
conversation.  Practically  all  of  the  experimentation  was  carried 
on  between  six  and  ten  P.  M. 

The  subjects  were  divided  into  two  groups  of  three  each.  The 
arrangement  of  the  experimental  conditions  for  each  subject  on 
each  day  are  shown  in  Table  X.  Since  the  arrangement  was  the 
same  for  each  group  of  subjects,  only  one  group  is  included  in  the 
table. 

This  arrangement  was  designed  to  eliminate  inequalities  in  the 
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practice  to  which  the  various  conditions  or  sequences  of  conditions 
were  subjected.  It  may  be  said  here,  however,  that  our  results 
show  that  there  was,  in  reality,  little  need  for  this  precaution. 
The  records  for  the  individual  subjects  seem  practically  inde- 
pendent of  the  positions  which  they  occupied  in  their  groups. 
Besides  the  arrangement  of  subjects  and  conditions  as  shown  in 
Table  X,  there  was  also  a  methodical  arrangement  of  the  par- 
ticular chance  settings  given  the  chess-men,  so  that  each  inter- 
polation acted  an  equal  number  of  times  upon  each  setting. 

Results 

Table  XI  gives  the  accuracy  of  each  subject's  reconstruction 
after  the  different  kinds  of  interpolation.  Each  reconstruction 
is  entered  simply  as  C,  if  correct,  and  as  E,  if  erroneous.  Four 
subjects  out  of  six  give  most  correct  reconstructions  after  Read- 
ing, one  shows  greatest  accuracy  after  Multiplication,  and  one 
shows  equal  accuracy  after  Reading  and  Multiplication.  Five 
out  of  six  subjects  give  fewest  correct  reconstructicMis  after 
Chess  and  one  is  equally  inaccurate  after  Chess  and  Multiplica- 
tion. Three  out  of  six  subjects  show  an  accuracy  after  Multipli- 
cation lower  than  after  Reading  and  higher  than  after  Chess. 

'  Considering  the  data  as  a  whole,  forty-nine  out  of  fifty-four  re- 
constructions are  correct  after  Reading,  forty-one  out  of  fifty- 
four  after  Multiplication,  and  twenty-three  out  of  fifty-four  after 
Chess.  Retroactive  inhibition  is  plainly  at  work  under  both  the 
Chess  and  the  Multiplication  conditions,  but  a  greater  effect  is 

.  evident  in  the  case  of  Chess. 

Table  XII  gives  the  same  results  as  Table  XI,  but  in  even 
clearer  terms.  Under  the  day  columns  are  entered  the  rankings 
of  the  three  conditions  according  to  the  amount  of  retroactive  in- 
hibition shown  by  the  time  criterion.  Where  a  given  condition  is 
entered  as  3,  it  showed  the  least  inhibition  of  the  three  conditions 

'  on  that  day ;  where  it  is  entered  as  i,  it  showed  the  most.  Again 
one  can  make  the  generalization  that  Chess  causes  the  greatest. 
Multiplication  the  next  greatest,  and  Reading  the  least  amount  of 
retroactive  inhibition.     Every  subject,  without  exception,  gives 
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Condition 


TABLE  XI 

COKSECT  AND   ErBONEOUS    RxOONSTRUCnONS 

C  =  Correct  E  =  Erroneous 

Total 
Day  Day  Day  Day  Day  Day  Day  Day  Day        Correct 
123456789    Reconstructions 


SMbject  I 

Reading 

E 

C 

C 

C     C      C 

C 

C 

C 

8 

Multiplication 

C 

E 

E 

C     C     C 

C 

E 

C 

6 

Chess 

E 

E 

E 

E      E      E 
Subject  2 

E 

C 

C 

2 

Reading 

C 

C 

C 

C      C     C 

C 

C 

C 

9 

Multiplication 

C 

E 

C 

C      E      C 

C 

C 

C 

7 

Chess 

C 

C 

C 

E     C      C 
SvhiecX  3 

C 

E 

C 

7 

Reading 

C 

C 

C 

C      C      C 

C 

C 

C 

9 

Multiplication 

C 

C 

C 

C     C     C 

C 

C 

C 

9 

Chess 

E 

E 

C 

E     C      E 
Subject  4 

C 

E 

C 

4 

Reading 

C 

E 

C 

C      C      C 

E 

C 

C 

7 

Multiplication 

E 

C 

C 

C      C     C 

C 

E 

E 

6 

Chess 

E 

C 

E 

C      E      C 
Subject  5 

E 

C 

E 

4 

Reading 

C 

C 

C 

C      E      C 

C 

E 

C 

7 

Multiplication 

C 

C 

C 

C      C      C 

C 

C 

C 

9 

Chess 

C 

C 

C 

E      C      E 
Subject  6 

E 

C 

E 

5 

Reading 

c 

C 

C 

C      C      C 

C 

C 

C 

9 

Multiplication 

c 

E 

E 

EEC 

C 

E 

C 

4 

Chess 

E 

E 

E 

EEC 

E 

E 

E 

I 

the  conditicMis  this  order.    In  terms  of  composite  results,  it  may 

be  said  that: 

Chess  shows  most  inhibition  in  49  out  of  54  comparisons. 
Multiplication  shows  next  most  in  41  out  of  54  comparisons. 
Reading  shows  least  in  42  out  of  54  com^parisons.  j 

Results  with  a  Chess  Player 
The  subjects  of  our  regular  experiment  were  not  chess  players. 
We  obtained  three  measurements  under  each  condition,  however, 
for  a  subject  who  was  an  enthusiastic  and  fairly  skilled  follower 
of  the  game.  Of  the  nine  reconstructions  made  by  this  subject, 
all  were  correct — ^none  of  the  interpolations  disturbed  the  ac- 
curacy of  his  recall.    He  also  completed  his  reconstructions  very^ 
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TABLE  XII 

Relative  Amounts  op  Inhibition  Accorwng  to  the 

Time  Cstteuon 

DAY 

DAY 

DAY    DAY    DAY    1 

DAY 

DAY 

DAY 

DAY 

Condition 

I 

2 

3       4       5 
Subject  I 

6 

7 

8 

9 

Reading 

2 

3 

323 

3 

3 

3 

3 

3d  7  times 

Multiplication 

3 

2 

232 

I 

2 

2 

2 

2d  6      " 

Chess 

I 

I 

III 
Subject  2 

2 

I 

I 

I 

m8     " 

Reading 

3 

3 

3        3       3 

3 

2 

3 

3 

3d  8     - 

Multiplication 

2 

2 

221 

2 

3 

2  . 

2 

2d  7      " 

Chess 

I 

I 

112 
Subject  3 

I 

I 

I 

I 

1st  8      « 

Reading 

3 

3 

332 

3 

2 

3 

3 

3d  7      " 

Multiplication 

I 

2 

223 

2 

3 

2 

2 

2d   6      " 

Chess 

2 

I 

III 
Subject  4 

I 

I 

I 

I 

1st  8      " 

Reading 

3 

I 

332 

3 

3 

3 

3 

3d  7      " 

Multiplication 

2 

2 

223 

2 

2 

2 

2 

2d   8      " 

Chess 

I 

3 

I        I        I 
Subject  5 

I 

I 

I 

I 

ist  8      " 

Reading 

3 

3 

3        3        I 

3 

3 

2 

3 

3d  7      " 

Multiplication 

2 

2 

222 

2 

2 

3 

2 

2d   8      " 

Chess 

I 

I 

I        I       3 
Subject  6 

I 

I 

'    I 

I 

1st  8     " 

Reading 

3 

3 

323 

2 

2 

3 

3 

3d  6     « 

Multiplication 

2 

2 

232 

3 

3 

2 

2 

2d   6      " 

Chess 

I 

I 

III 

I 

I 

I 

I 

1st  9     " 

quickly.  His  times  range  f rojn  6  to  1 1  seconds,  while  those  of 
the  inexperienced  group  range  from  5  to  312  seconds.  His 
average  reconstruction  time  is  considerably  below  that  of  the  best 
member  of  the  group.  There  is  some  evidence  that  his  recon- 
struction time  was  prolonged  most  by  the  interpolation  of  Chess 
and  next  to  most  by  Multiplication.  Table  XIII  shows  the 
rankings  of  the  three  conditions  according  to  the  inhibition 
which  they  showed  by  the  time  criterion,  with  this  subject. 


TABLE  XIII 

Condition 

Day  i 

Day  2 

Day  3 

Chess 

1.5 

1.0 

2X> 

Multiplication 

IS 

2.5 

1.0 

Reading 

3.0 

2.5 

3.0 
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On  the  whole,  the  signs  of  inhibition  are  not  as  clear  in  the  1 
case  of  this  subject,  accustomed  to  chess  situations,  as  they  are 
in  the  case  of  the  inexperienced  group. 

This  fact  may  be  due  to  the  subject'^  practice  with  the  ma- 
terial involved,  or  the  same  native  peculiarity  which  made  him 
take  up  chess  may  here  have  operated  to  prevent  inhibition. 
From  a  slightly  different  point  of  view,  the  low  susceptibility  to 
retroaction  may  be  due  to  the  comparative  isolation  of  memoriz- 
ing and  interpolated  activities  in  this  subject,  or  he  may  simply 
have  mastered  the  original  material  with  unusual  thoroughness 
and  thus  reduced  its  likelihood  of  being  disintegrated.  All  of 
these  factors  may  have  entered  into  the  situation. 

In  as  much  as  there  is  only  one  skilled  player  to  compare  with 
the  unskilled  group,  these  findings  should  be  accepted  with  some 
reservation. 

Summary 

The  results  of  Experiment  III  throw  interesting  light  upon 
those  which  have  gone  before  it.  Experiments  I  and  II  showed 
that  interpolation  similar  to  the  original  memorizing  causes  pro- 
nounced inhibition,  but  they  did  not  give  any  certain  evidence  of 
significant  retroaction  where  the  interpolation  is  comparatively 
dissimilar  to  the  original  learning.  Experiment  III  has  again 
demonstrated  the  greater  inhibitory  effects  of  very  similar  inter- 
polation. It  has  demonstrated  further  that  there  may  be  (as  in 
the  Multiplication  condition)  marked  inhibition  where  inter- 
polation and  original  memorizing  are  comparatively  dissimilar. 
Our  results  with  a  practiced  chess  player  give  some  indication 
that  materials  with  which  one  is  accustomed  to  deal  are  less  sus- 
ceptible to  retroactive  effects  than  unfamiliar  materials. 
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CHAPTER  III 

The  Temporal  Position  of  Retroactive 
Interpolation 

Experiment  IV 

j     Those  theories  of  retroactive  inhibition  which  postulate  the 
;  interruption  of  a  setting-in  process,  are  based  upon  the  alleged 
i  fact  that  the  more  closely  a  retroactive  interpolation  follows  the 
original  learning,  the  greater  is  the  resulting  inhibition*    Experi- 
ment IV  was  conducted  in  order  to  ascertain  whether  this  fact 
could  be  verified  or,  if  not,  what  relationship  there  might  be 
'  between  the  temporal  position  of  retroactive  interpolation  and  the 
degree  of  inhibition  caused  by  it. 

Materials,  Methods  and  Subjects 

[    Lists  of  ten  three-place  numbers  were  used  for  the  original 

^^  memorizing.     These  lists  were  constructed  according  to  the 

rules  followed  for  the  four-place  numbers  of  the  first  and  second 

experiments.    The  following  numbers  were  not  used :  135,  357, 

579,  246,  and  468. 

The  numbers  were  displayed  on  a  hand-operated  drum  which 
the  experimenter  controlled  with  reference  to  the  swings  of  a 
pendultmi  hung  on  the  wall  behind  the  subject.  Each  number 
was  exposed  for  a  period  of  two  seconds.  Twenty  seconds 
elapsed  between  the  disappearance  of  the  last  number  of  one 
complete  exposure  of  the  list  and  the  appearance  of  the  first  num- 
ber of  the  next  complete  exposure.  Each  list  was  given  eight 
complete  exposures.  Between  the  disappearance  of  the  last 
number  of  the  last  complete  exposure  and  the  test  for  recall 
there  was  an  interpolated  period  twenty  minutes  and  twenty  sec- 
onds in  length.  The  subject's  activity  during  the  first  twenty 
seconds  of  this  period  was  uncontrolled.  The  following  twenty 
minutes  were  spent  in  one  of  five  ways: 

(A)  The  whole  period  was  devoted  to  reading,  with  no  at- 
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tempt  to  memorize,  in  current  editions  of  the  Chicago  Tribune. 

(B)  The  first  five  minutes  were  devoted  to  studying  a  sec- 
ond list  of  ten  three-place  numbers  (the  list  was  exposed  eight 
times  under  the  same  conditions  as  the  original  list),  and  the 
following  fifteen  minutes  to  newspaper  reading. 

(C)  The  first  five  minutes  were  devoted  to  newspaper  read- 
ing, the  next  five  minutes  to  studying  a  second  list  of  numbers, 
and  the  remaining  ten  minutes  to  newspaper  reading. 

(D)  The  first  ten  minutes  were  devoted  to  newspaper  read- 
ing, the  next  five  minutes  to  stud3ring  a  second  list  of  numbers, 
and  the  remaining  five  minutes  to  newspaper  reading. 

(E)  The  first  fifteen  minutes  were  devoted  to  newspaper 
reading,  and  the  remaining  five  minutes  to  stud3ring  a  second 
list  of  numbers. 

For  the  sake  of  brevity  these  conditions  will  be  referred  to  in 
subsequent  discussion  simply  as  A,  B,  C,  D,  and  E. 

Immediately  after  the  interpolated  period  the  subject  was' 
directed  to  reproduce  the  original  list  of  numbers.  This  repro- 
duction, as  in  the  first  two  experiments,  was  written.  Following 
the  reproduction  of  the  original  list,  the  subject,  under  the  B, 
C,  D,  and  E  conditions  undertook  the  reproduction  of  the  inter- 
polated list.  The  directions  for  reproduction  were  the  same  as 
in  Experiments  I  and  II. 

Five  subjects  served  in  Experiment  IV.  All  were  men.  Four"^ 
were  graduate  students  in  psychology  at  the  University  of  Chi- 
cago. One  was  an  undergraduate  in  the  same  institution.  None 
of  the  subjects  of  this  experiment  had  served  in  my  earlier  ex- 
periments and  none  knew  the  purpose  of  this  work,  aside  from 
what  might  have  been  inferred  from  the  general  procedure. 

Five  practice  sittings  for  each  subject  preceded  the  experiment 
proper.  At  these  sittings  the  subject  studied  a  list  of  ten  three- 
I^ce  numbers  under  the  same  exposure  conditions  as  those  used 
in  the  regular  experiment.  Recall  came  immediately  after  the 
last  exposure  of  the  list 

Each  subject  had  thirty-five  sittings  during  the  experiment 
proper — seven  under  each  of  the  five  conditions.  A  subject  went 
through  but  one  condition  on  any  single  experiment  day. 
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The  experiment  was  made  up  of  seven  five-day  cycles,  during 
each  of  which  all  the  subjects  went  through  all  the  conditions 
once.  The  experiment  was  conducted  from  Monday  to  Friday 
inclusive  of  eight  successive  weeks,  the  first  week  being  devoted 
to  the  practice  sittings. 

Each  subject  went  through  the  five  experimental  conditions  in 
different  order.  This  arrangement  was  exactly  analogous  to  that 
employed  in  Experiments  I  and  II.  Within  each  cycle  the  sub- 
jects had  regular  sitting  times  which  were  kept  as  nearly  con- 
stant as  possible. 

The  criteria  of  recall  were  the  same  as  those  employed  in  Ex- 
periments I  and  II,  t.  ^.,  (i)  Amount,  (2)  Error,  and  (3)  Time. 

Results 
Table  XIV  gives  the  average  amoimt,  error,  and  time  of  recall 
after  the  different  interpolated  conditions.    The  table  was  made 
up  by  averaging  the  average  performances  of  the  five  subjects 
under  the  different  conditions. 


TABLE  XIV 

CONDITION 

AMOUNT 

ERROR 

TIME 

A 

29.1  digits 

6.1% 

1.6  Sees. 

B 

18.6    " 

3L9% 

5.9     " 

C 

19.7    •* 

29.0% 

5.5     " 

D 

19^    " 

32.6% 

64     " 

E 

18.4    " 

•   30.3% 

6.9     " 

\     Condition  A,  in  which  the  entire  interpolated  period  was  spent 
,  in  newspaper  reading,  shows,  by  all  criteria  of  recall,  the  great- 
ly est  efficiency,  and  this  by  unambiguous  amounts.     The  values 
1  under  consideration  give  no  indication  that  inhibition  is  greatest 
\  where  the  retroactive  interpolation  follows  most  closely  after 
memorizing.    By  amount  and  error  of  recall,  efficiency  is  prac- 
tically equal  for  the  B  condition,  where  the  retroactive  interpola- 
tion occurs  earliest  in  the  interpolated  period,  and  for  the  E  con- 
dition, where  it  occurs  latest.     By  the  time  criterion,  recall  is 
more  efficient  under  the  B  condition  than  it  is  under  E.    Among 
ithe  conditions  other  than  A,  the  highest  efficiency  is  under  C, 
where  the  second  number  list  was  studied  toward  the  middle  of 
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the  interpolated  period.  That  this  superiority  of  C  is  anything  / 
more  than  accident,  however,  seems  doubtful  in  light  of  the  small 
margin  of  its  superiority  and  the  fact  that  the  other  condition, 
namely  D,  where  the  retroactive  interpolation  lies  toward  the 
middle  of  the  interpolated  period,  shows  no  clear  evidence  of 
being  better  than  B  and  E. 

Tables  XV,  XVI,  and  XVII,  made  up  in  the  same  way  as 
Tables  III,  IV,  V,  VII,  VIII,  and  IjX  of  Chapter  II,  present 
the  records  of  the  individual  subjects. 


TABLE  XV 

Amount  of  Recall 

(Total  Digits) 

Condition  A 

Condition  B 

Condition  C 

Condition  D 

Condition  E 

AVER- 

AVER- 

AVER- 

AVER- 

AVER- 

SUBJECT 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

I 

27.1      5 

15.7      4 

15.0        2 

ISA 

3 

14.6        I 

2 

29.6      5 

184      4 

17.6       2 

17.2 

I 

18.1      3 

3 

30.0      5 

25.3    I 

27.4     2.5 

274 

2.5 

29.1      4 

4 

30.0     5 

26.9       2 

29.7      4 

2&8 

3 

234    I 

5 

28.7      5 

6.9      i.S 

9.0      4 

7.3 

3 

6.9    1.5 

TABLE  XVI 

Error 

IN  Recall 

(%  of  Recall  Erroneous) 

Condition  A 

Condition  B 

Condition  C 

Condition  D 

Condition  E 

AVER- 

AVER- 

AVER- 

AVER- 

AVER- 

SUBJECT 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

I 

184      5 

459      4 

48.1      3 

57.3 

I 

5I.I        2 

2 

2.0       5 

48.7      I 

37.6      3 

4I.I 

2 

34.9      4 

3 

0        5 

23.6      3 

16.7      4 

28.9 

I 

24.7       2 

4 

7.1      5 

35.6      I 

28.7       2 

20.0 

3 

19.3      4 

5 

2.9     5 

5.6     4 

13.7      3 

15.7 

2 

21.6        I 

TABLE  XVII 

Time 

OF  Recall 

(Av.  Time  in 

\  Sees,  per  Digit) 

Condition  A 

Condition  B 

Condition  C 

Condition  D 

Condition  £ 

AVER- 

AVER- 

AVER- 

AVER- 

AVER- 

SUBJECT 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

AGES  RANKS 

I 

1.5     S 

1.9     4 

3.0        I 

2.6 

3 

2.8       2 

2 

1.9      5 

4.9       2 

5.3        I 

4.7 

3.5 

4.7       3.5 

3 

1.6     s 

8.6     3 

6.8     4 

10.5 

2 

UJS       I 

4 

1.7     5 

94     2.S 

8.9     4 

94 

2.5 

9.8       I 

5 

1.3     5 

4.9     2 

3.5      4 

4.6 

3 

54      I 
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According  to  attiount  of  recall  (Table  XV),  Condition  A 
shows  the  least  inhibition  for  all  five  subjects.  Among  the  other 
conditions  there  is  no  more  differentiation  than  might  be  looked 
for  from  chance.  The  same  things  are  true  according  to  error 
\  and  time  of  recall  (Tables  XVI  and  XVII).  From  these  results 
J  the  degree  of  retroactive  inhibition  seems  to  be  independent  o< 
the  temporal  position  of  retroactive  interpolation. 

The  Influence  of  Practice  upon 
Retroactive  Inhibition 

The  results  secured  with  a  practiced  chess  player  in  Experi- 
ment III  indicated  that  one  who  is  accustomed  to  dealing  with 
a  given  material  may  not  be  as  susceptible  to  retroactive  effects, 
so  far  as  that  material  is  concerned,  as  one  who  has  not  had  such 
past  experience.  The  present  experiment  furnishes  additional 
evidence  on  this  point.  The  average  performance  of  the  group 
imder  Condition  A  was  calculated  for  each  successive  cycle.  The 
average  performance  under  B,  C,  D,  and  E  combined  was  calcu- 
lated in  the  same  way.  Graphs  I,  II,  and  III  show  by  the  three 
criteria  of  recall  the  progress  made  by  the  group  during  the 
seven  cycles  of  the  experiment  in  memorizing  and  recalling  three- 
place  numbers  where  ( 1 )  retroactive  interpolation  was  used  and 
X2)  retroactive  interpolation  was  not  used.  The  amount  of  in- 
hibition for  any  cycle  is  equal  to  the  distance  between  the  curves 
at  that  cycle. 

Graphs  I  and  II  show  a  slight  tendency  for  inhibition  to  de- 
crease as  the  subjects  become  more  familiar  with  their  task  of 
memorizing.  Graph  III  indicates  just  the  opposite.  The  lack 
of  clear  evidence  for  decreasing  inhibition  with  increasing  prac- 
tice may  be  explained  in  several  ways:  (i)  It  may  be  that  no 
lowering  of  susceptibility  to  retroactive  inhibition  is  possible  with 
material  of  this  kind  learned  under  these  conditions  and  sub- 
jected to  this  sort  of  interpolation.  (2)  The  flatness  of  the 
curves  suggests  that  the  limit  of  progress  in  this  function  may 
have  been  so  nearly  reached  before  the  beginning  of  the  experi- 
ment that  no  changes  in  susceptibility  to  inhibition  are  present. 
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42  EDWARD  STEVENS  ROBINSON 

(3)  Perhaps  five  cycles  are  not  enough  to  make  apparent  changes 
in  susceptibility  which  are,  nevertheless,  taking  place. 

Summary 

Under  the  conditions  of  this  experiment,  at  least,  the  degree 
of  retroactive  inhibition  is  independent  of  the  temporal  position 
of  retroactive  interpolation. 

During  the  seven  cycles  of  the  experiment,  the  five  subjects  em- 
ployed give  but  little  evidence  of  becoming  more  or  less  suscept- 
ible to  retroactive  inhibition.  The  odds  are  slightly  in  favor  of 
a  lowering  of  susceptibility  with  increasing  practice. 
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CHAPTER  IV 

The  Degree  of  Learning  and  Susceptibility  to 
Retroactive  Inhibition 

Experiment  V 

The  work  of  Heine,  reviewed  in  the  opening  chapter  of  this 
paper,  gave  evidence  that  susceptibility  of  material  to  retroactive 
inhibition  stands  in  an  inverse  relationship  to  the  amount  of  study 
given  that  material — amount  of  study  being  measured  in  terms 
of  number  of  exposures.  Further  study  of  this  question  seemed 
desirable  for  two  reasons:  (i)  Heine's  interpolated  work  was 
comparatively  dissimilar  to  her  original  learning,  a  condition 
which  my  experiments  have  shown  does  not  give  the  most  strik- 
ing instance  of  retroactive  inhibition,  and  (2.)  In  any  single  ex- 
periment she  worked  with  but  two  degrees  of  learning,  so  that 
no  continuous  relationship  could  be  shown  between  varying  de- 
grees of  learning  and  varying  degrees  of  retroactive  inhibition. 

Materials,  Methods  and  Subjects 

The  material  for  original  learning  again  consisted  of  lists  of 
ten  three-place  numbers.  These  lists  were  exposed  four,  six, 
eight,  ten,  or  twelve  times  by  means  of  the  apparatus  used  in 
Experiment  IV.  The  subject  was  always  informed  beforehand 
how  many  exposures  were  to  be  given.  Each  number  was  ex- 
posed for  two  seconds.  Twenty  seconds  elapsed  between  suc- 
cessive exposures  of  the  whole  list 

An  interpolated  period  of  five  minutes  and  thirty-five  seconds 
occurred  between  the  last  exposure  of  the  original  list  and  its 
recall.  This  interval  was  spent  in  either  of  two  ways  which,  for 
convenience,  will  be  designated  as  Rest  and  Work.  Under  the 
Rest  condition  the  subject's  activity  was  uncontrolled  for  the 
first  thirty-five  seconds;  during  the  remaining  five  minutes  he 
read,  with  no  attenipt  to  memorize,  in  current  editions  of  the 
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Chicago  Tribune.  Under  the  Work  condition  activity  during  the 
first  thirty-five  seconds  was  again  uncontrolled;  during  the  re- 
maining five  minutes  the  subject  studied  a  second  list  of  ten 
three-place  numbers,  the  list  being  exposed  eight  times  under  the 
same  conditions  as  the  original  list. 

Immediately  after  the  interpolated  period,  the  experimenter 
directed  the  subject  to  recall  the  original  list  of  numbers.  These 
directions  and  the  mode  of  reproduction  were  the  same  as  in 
the  other  experiments  with  numerical  memory  material.  Under 
the  Work  condition  the  subject  recalled  the  interpolated  list  fol- 
lowing the  recall  of  the  original  list. 

Five  subjects,  three  men  and  two  women,  served  in  the  experi- 
ment. Two  of  the  men  were  graduate  students  in  psychology  at 
the  University  of  Chicago.  One  man  was  an  undergraduate 
there.  The  two  women  were  graduate  students  in  psychology 
at  the  same  institution.  The  subjects  were  not  informed  as  to  the 
purpose  of  the  experiment  and  they  were  asked  not  to  discuss 
the  work  among  themselves. 

Five  practice  sittings  preceded  the  regular  experiment.  At 
each  of  these  each  subject  studied  a  list  of  ten  three-place  num- 
bers exposed  eight  times.  This  list  was  recalled  after  a  five- 
minute  period  of  newspaper  reading. 

The  experiment  was  made  up  of  two  cycles  of  ten  experiment 
days  each.  The  second  cycle  was  a  repetition  of  the  first.  The 
experiment  proper  was  conducted  from  Monday  to  Friday,  in- 
clusive, of  four  successive  weeks.  On  each  experiment  day  each 
subject  was  tested  under  both  Rest  and  Work  conditions  for 
a  single  degree  of  learning  or  number  of  repetitions  of  the  original 
list.  Between  the  tests  under  Rest  and  Work  conditions  there 
was  a  period  of  ten  minutes  devoted  to  casual  conversation  or 
newspaper  reading.  Table  XVIII  gives  the  arrangement  of  sub- 
jects and  experimental  conditions  for  a  single  ten-day  cycle. 

One  point  in  this  procedure  may  seem  questionable,  «.  e.  the 
fact  that  all  subjects  were  tested  first  under  the  Work  condition 
during  the  first  half  of  each  cycle  and  first  under  the  Rest  con- 
dition during  the  second  half  of  each  cycle.    Obviously  the  pro- 
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cedure  would  have  been  better  balanced  if  there  had  been  a  sec- 
ond group  of  subjects  for  whom  the  order  of  Rest  and  Work 
conditions  was  reversed.  The  comparative  flatness  of  the  prac- 
tice curves  for  learning  three-place  numbers,  however,  (see 
Graphs  I,  II,  and  III)  suggests  that  the  apparent  discrepancy  is 
logical  rather  than  actual. 

The  criteria  of  recall  were:  (i)  Amount,  (2)  Error,  and  (3) 
Time. 

Results 

Graphs  IV,  V,  and  VI  are  curves  showing  amount,  accuracy, 
and  time  of  recall  for  the  different  degrees  of  learning  where 
(i)  Rest — newspaper  reading — ^and  (2)  Work — ^memorizing 
numbers — ^were  interpolated.  These  curves  were  made  up  from 
the  averages  of  the  entire  group  of  subjects  for  the  different 
conditions. 

By  amount  of  recall  (Graph  IV)  'both  Rest  and  Work  curves 
show  a  regular,  negatively  accelerated  rise  with  increases  in  the 
number  of  exposures  of  the  original  list.  And  the  distance  be- 
tween the  curves,  which  is  a  measure  of  the  degree  of  retroactive 
inhibition,  remains  practically  constant.  If  the  better  learned 
lists  are  less  susceptible  to  retroactive  effects,  this  is  not  evident 
within  the  limits  studied  which,  so  far  as  amount  of  recall  is 
concerned,  extend  almost  to  a  point  of  complete  learning. 

The  error  curves  (Graph  V)  are  more  difficult  to  interpret 
Accuracy  of  recall  after  Work  changes  very  irregularly  with 
changes  in  the  number  of  presentations.  It  is  possible  that  the 
memorized  material's  susceptibility  to  disintegration  actually 
varies  in  the  manner  suggested  by  the  curve,  but  it  seems  more 
probable  that  the  variability  of  efficiency  under  the  Work  condi- 
tion is  a  matter  of  the  limited  sampling  which  it  represents.  In 
the  latter  event,  since  the  Rest  and  Work  curves  show  no  con- 
tinuous tendency  to  converge  or  diverge,  it  may  be  concluded 
that,  as  in  the  case  of  amount  of  recall,  there  is  a  practically 
constant  susceptibility  to  inhibition  for  the  different  degrees  of 
learning  employed  in  this  experiment. 

According  to  the  time  curves  (Graph  VI)  progress  under  the 
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Rest  Condition  is  regular  and  almost  linear.  Under  the  Work 
condition,  however,  the  curve  falls  abruptly  to  the  eight  presenta- 
tions point  and  then  rises  with  almost  equal  abruptness  to  twelve 
presentations.  Here  again  the  irregularity  of  the  Work  curve 
may  be  interpreted  as  due  to  the  real  nature  of  the  fimction 
represented  or  to  the  limited  sampling.  In  either  case  one  can 
say  that,  from  four  up  to  twelve  presentations  of  the  memorized 
material,  there  is  but  little  evidence  for  a  single  continuous 
change  in  susceptibility  to  inhibition. 

Perhaps  the  safest  generalization  to  be  made  upon  the  basis 
of  the  three  pairs  of  curves  is  the  rather  n^;ative  one,  that, 
1       1  although  there  are  sporadic  increases  and  decreases  in  suscept- 
\      '  ibility  to  inhibition  with  varying  numbers  of  presentations,  there 
"^      is  no  continuous  tendency  in  one  direction  or  the  other.    From 
^a  theoretical  standpoint  it  would  be  futile  to  accept  such  a  state- 
ment as  characterizing  retroactive  inhibition  for  all  degrees  of 
learning.    In  doing  so  we  should  fly  in  the  face  of  a  respectable 
body  of  empirical  facts  concerning  the  isolation,  through  prac- 
tice, of  interfering  processes.     We  should  have  to  deny  the 
validity  of  Heine's  findings,  a  thing  which  the  general  character 
of  her  work  would  hardly  justify.    My  results  here  do  indicate, 
however,  that  within  fairly  wide  limits  a  complex  set  of  associa- 
tions may  show  no  uniform  variation  in  susceptibility  to  disin- 
tegration. 

According  to  two  out  of  three  criteria,  progress  in  efficiency 
with  increasing  presentations  is  much  more  regular  tmder  the 
Rest  than  under  the  Work  condition.  This  in  itself  is  important 
Evidently  retroactive  inhibition,  as  observed  in  this  experiment, 
is  a  highly  variable  phenomenon. 

So  far  I  have  been  speaking  of  absolute  amounts  of  inhibition. 
Table  XIX  gives  the  relative  amounts  of  loss  due  to  the  interpola- 
tion of  Work.  Each  value  was  obtained  by  dividing  the  differ- 
ence in  efficiency  between  Rest  and  Work  by  the  efficiency  under 
the  Rest  condition.  Two  sets  of  values  are  given  for  errors: 
(i)  relative  inhibition  according  to  percentages  of  error,  and 
(2)   relative  inhibition  according  to  gross  errors.     Up  to  this 
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point  percentages  of  error  alone  have  been  considered.  Since  a 
more  or  less  valid  objection  can  be  raised,  however,  to  the  pro- 
cedure of  figuring  one  set  of  relatives  from  another  set  of  rela- 
tives, I  have  included  in  this  table  the  set  of  relative  error  values 
based  upon  gross  errors,  i.  e.,  the  actual  number  of  errors  made 
under  the  different  conditions. 


TABLE  XIX 

.X  ' 

Relative  Inhibition 

FBBSBNTATIONS 

AMOUNT 

TIME                     % 

•ERROR 

GROSS  ERR<»t 

4 

593 

233 

26 

—51 

6 

S6.6 

151 

73 

—25 

8 

454 

"5 

98 

+  8 

10 

45.3 

176 

156 

+41 

12 

47.3 

367 

117 

+14 

The  general  tendency,  according  to  amount  of  recall,  is  toward 
relatively' less  inhibition  with  increasing  numbers  of  presentations. . 
True,  there  is  more  inhibition  at  twelve  presentations  than  at 
ten  or  eight,  but  the  difference  is  hardly  great  enough  to  be 
significant.  In  the  main,  there  is  a  rapid  decrease  in  relative  in- 
hibition at  first  and  then  a  period  where  neither  increase  nor 
decrease  is  clearly  marked. 

The  time  criterion  indicates  no  single  continuous  variation  in 
the  degree  of  relative  inhibition.  The  values  decrease  rapidly 
from  the  four  to  eight  presentations  point  and  then  increase  rap- 
idly up  to  the  twelve  presentations  point. 

Both  sets  of  error  values  show,  in  general,  an  increase  in  rela- 
tive inhibition  with  increasing  presentations.  In  both  cases 
there  is  less  inhibition  at  twelve  than  at  ten  presentations,  but 
this  might  fairly  be  interpreted  as  an  accidental  irregularity. 

It  is  interesting  to  note  the  two  minus  values  under  gross 
errors.  They  indicate  that  the  actual  number  of  errors  made  at 
four  and  six  presentations  was  less  under  the  Work  than  under 
the  Rest  condition.  In  this  sense,  there  is  retroactive  facilitation 
rather  than  inhibition  at  these  points. 

On  the  whole  there  is  little  agreement  among  the  criteria  as 
to  any  continuous  correlation  between  the  degrees  of  learning 
examined  and  relative  inhibition.    This  may  be  due  in  part  to 
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the  fact  that  the  methods  of  determining  relative  inhibition  must 
by  the  nature  of  the  case,  be  quite  arbitrary.  From  the  same 
data  as  those  employed  in  calculating  relative  inhibition  according 
to  error  of  recall,  one  could  calculate  relative  inhibition  accord- 
ing to  accuracy  of  recall.  Such  a  procedure  would  change  ap- 
preciiibly*the  relative  values  for  different  numbers  of  'presenta- 
tions and  also  the  relationship  between  these  relative  valjues. 
In  fact,  it  would  tend,  at  least,  to  invprt  the  relationship.  •  The»*. 
same  can  be  said  for  the  amount  crhljiion.  If  the  perfectly 
legitimate  procedure  were  adopted  of  scoring  amount  of  recall 
in  terms  of  the  number  of  digits  recalled  less  than  the  total  pos- 
sible number,  then  the  present  relationship  between  the  number 
of  presentations  and  relative  inhibition  according  to  amount  of 
recall  would  tend  to  be  inverted. 

Summary 

In  light  of  the  fact  that  relative  degrees  of  inhibition  are  func- 
tions of  arbitrary  scoring  methods,  it  seems  to  me  that  my  most 
significant  findings  are:  (i)  The  lack  of  any  single  continuous 
change  in  absolute  susceptibility  to  inhibition  within  the  limits 
studied,  and  (2)  The  comparative  irregularity,  under  the  Work 
condition,  of  the  progress  in  efficiency  of  recall  derived  from 
given  increments  of  presentations.  It  is  evident  that  much 
further  experimentation  must  be  carried  out  in  connection  with 
this  problem  before  any  very  definite  generalizations  can  be 
made. 
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CHAPTER  V 
Summary  and  Discussion  of  Results 

The  results  of  the  experiments  reported  in  this  paper  stand  in 
rather  sharp  disagreement  with  much  of  what  has  previously 
been  said  on  the  subject  of  retroactive  inhibition.  This  may  be 
due  to  the  fact  that  my  methods  and  materials  were,  for  the 
most  part,  quite  unlike  those  of  other  investigators  in  this  field. 
Such  differences  in  method,  however,  should  increase  rather  than 
decrease  the  value  of  these  new  results  for  the  formulation  of  a 
conception  of  retroactive  inhibition  which  is  to  have  applica- 
bility beyond  the  activity  of  memorizing  some  particular  ma- 
terial, such  as  nonsense  syllables. 

My  results  may  be  briefly  summarized  as  follows : 

(i)  The  degree  of  retroactive  inhibition  present  in  a  gfiven 
situation  is  a  function  of  the  similarity  between  interpolated 
activity  and  original  learning.  This  relationship  cannot,  of 
course,  be  thought  of  as  linear.  That  is,  if  an  exact  measure  of 
similarity  were  available  and  the  degrees  of  retroactive  inhibition 
were  plotted  against  varying  values  of  this  similarity,  we  should 
not  find  a  steady  increase  in  inhibition  values  with  increases  in 
similarity.  Such  an  assumption  would  require  the  expectation 
of  greatest  inhibition  where  similarity  is  greatest,  i.  e,,  where  the 
interpolation  and  original  learning  are  the  same.  But  we  know 
that  in  such  cases  there  is  facilitation  due  to  practice,  which  ex- 
cludes by  definition  any  detectable  inhibition.  Under  the  con- 
ditions of  these  experiments,  except  in  the  cases  of  isolated  indi- 
viduals, the  greatest  inhibition  was  always  caused  by  the  inter- 
polations most  similar  to  the  original  learning,  but  further  work 
will  have  to  decide  at  just  what  point  in  the  variation  of  sim- 
ilarity interpolation  turns  from  a  disintegrating  into  an  integrat- 
ing agency. 

There  is  also  the  possibility  that  similarity  is  not  a  one-dimen- 
sional affair.     Indeed  my  results  bring  out  the  fact  that  there 
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may  be  effective  similarity  of  contents,  of  forms  of  presentation, 
or  of  processes  involved,  and  variations  in  any  one  of  these 
may  independently  modify  the  degree  of  retroactive  inhibition. 
A  further  complicating  factor  may  be  present  in  the  quantitative 
character  of  these  variations.  Certain  of  them  may  be  serial 
and  continuous,  each  change  in  that  t3rpe  of  similarity  being  ac- 
companied by  a  change  in  the  degree  of  inhibition.  Others  may 
be  of  the  all  or  none  variety.  For  example,  the  processes  in- 
volved may  be  identical  or  disparate.  A  certain  amount  of  in- 
hibition may  be  present  with  such  identity,  while,  without  it, 
there  may  be  no  inhibition  caused  by  process  similarity.  That 
is  to  say,  there  need  be  no  intermediate  stages  of  similarity,  so 
far  as  retroactive  inhibition  is  concerned,  between  identical  and 
plainly  dissimilar  processes.  If  the  interpolated  activity  is  me- 
morial there  may  be,  by  virtue  of  this  fact  alone,  appreciable  in- 
hibition. All  other  factors  being  ineffective,  the  fact  that  the 
interpolated  activity  is  not  memorial,  in  the  ordinary  sense  of 
that  term,  may  exclude  the  possibility  of  inhibition. 

Of  course  this  discussion  is  of  a  highly  hypothetical  sort 
Exact  knowledge  of  the  relationship  between  retroactive  inhibi- 
tion and  similarity  or  similarities  between  interpolation  and 
original  learning  will  have  to  wait  upon  future  researches.  The 
positive  contribution  of  my  results  in  connection  with  this  point 
lies  in  their  clear  indication  of  the  simple  fact  that  similarities  of 
contents,  of  processes,  and  of  forms  of  presentation  all  play  a 
part  in  determining  the  degree  of  retroactive  inhibition. 

(2)  ^yhere,  on  the  face  of  things,  interpolation  and  original 
learning  are  comparatively  dissimilar  there  may  still  be  an  ap- 
preciable degree  of  retroactive  inhibition.  Engaging  in  certain 
fairly  strenuous  activities  between  memorizing  and  recall  re- 
sults in  a  lower  efficiency  of  recall  than  where  the  subject  occu- 
pies himself  with  a  comparatively  light  task,  such  as  newspaper 
reading  with  no  attempt  to  memorize.  This  fact  might  possibly 
be  interpreted  as  another  instance  of  the  relationship  between  the 
simifarity  of  activities  and  retroactive  inhibition.     It  might  be 

argued,  for  example,  that  two  activities  are  similar  to  the  extent 
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to  which  they  approach  intensity  equality.  It  might  also  be  ar- 
gued that  some  other  unapparent  differences  in  similarity  exist 
between  those  conditions  where  there  is  more  or  less  retroactive 
inhibition. 

(3)  While  the  results  of  the  first  three  experiments  show  the 
greatest  inhibition  where  there  is  unquestionably  the  greatest 
similarity  between  interpolation  and  original  learning,  they  also 
point  out  the  extreme  difficulty  of  predicting  the  degree  of  in- 
hibition which  an  apparent  degree  of  similarity  will  bring  about. 
The  contents  of  both  memorizing  and  interpolation  may  be  num- 
bers (four-place  numbers,  indeed),  but  unless  the  two  are  mem- 
orized there  may  be  no  more  inhibition  than  where  one  is  num- 
bers and  the  other,  say,  poetry.  Further,  the  contents  of  both 
may  be  numerical  and  the  process  of  both  memorial,  but  unless  the 
two  sets  of  material  are  presented  in  highly  similar  form  there 
may  be  no  high  degree  of  inhibition. 

(4)  The  degree  of  retroactive  inhibition  is  independent  of 
the  temporal  position  of  the  retroactive  interpolation.  For  the 
materials  used  this  generalization  holds  in  respect  to  an  interval 
of  twenty  minutes  between  memorizing  and  recall. 

(5)  Practice  in  memorizing  a  particular  kind  of  material  may 
alter  one's  susceptibility  to  retroactive  inhibition.  A  single  ex- 
perienced chess  player  was  less  susceptible  to  retroactive  inhibi- 
tion than  a  group  of  less  experienced  individuals.  This  may 
easily  have  been  an  accident,  or  the  same  factors  which  made 
this  man  a  good  chess  player  may  have  been  the  cause  of  his 
resistance  to  retroactive  inhibition.  A  group  of  five  subjects 
who  memorized  four-place  numbers  five  days  a  week  for  eight 
successive  weeks  showed  slight  indications  of  becoming  less 
susceptible  to  retroactive  inhibition  so  far  as  their  memory  for 
that  kind  of  material  was  concerned. 

(6)  Within  the  limits  studied  there  is  no  single,  continuous 
relationship  between  the  number  of  presentations  of  a  memorized 
material  and  its  absolute  susceptibility  to  retroactive  inhibition. 
It  seems  improbable  to  suppose  that  this  will  hold  for  all  possible 
degrees  of  learning,  and  it  may  not  hold  where  material  is 
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learned  in  simpler  units.  In  fact,  the  work  of  Heine  suggests 
that,  where  simple  units  of  a  complex  material  are  learned  in 
pairs,  the  degree  of  inhibition  is  an  inverse  function  of  the  de- 
gree of  learning.  My  results  with  the  experienced  chess  player, 
if  they  are  due  to  his  more  perfect  mastery  of  the  memorized 
material  within  the  allotted  time,  also  indicate  an  inverse  rela- 
tionship between  retroactive  inhibition  and  the  degree  of  learning. 

There  is  little  or  no  agreement  among  the  criteria  employed  as 
to  the  relationship  between  the  degree  of  learning  and  the  rela- 
tive amount  of  inhibition. 

(7)  The  increases  in  efficiency  of  recall  incident  upon  adding 
constant  increments  of  exposures  is  less  predictable,  according  to 
two  out  of  three  criteria,  where  memorizing  is  followed  by  some 
constant  disintegrating  activity  of  great  effectiveness  than  where 
it  is  followed  by  an  activity  of  low  disintegrating  effects.  If  the 
efficiency  of  recall  is  plotted  against  the  number  of  exposures 
given  a  material,  a  comparatively  irregular  curve  will  result 
where  the  material  is  subjected  to  retroactive  inhibition,  and  a 
comparatively  smooth  curve  for  material  not  so  subjected. 

Theoretical  Considerations 

The  above  results,  where  they  apply  at  all,  seem  to  me  to  favor, 
a  transfer  theory  of  retroactive  inhibition.  Such  a  theory,  as  we 
saw  in  the  second  chapter,  usually  implies  that  some  elements  of 
the  original  learning  and  interpolation  are  common.  The 
activity  of  these  elements  during  interpolation  may  weaken  their 
position  in  the  original  pattern,  or  their  activity  during  interpola- 
tion may  so  modify  their  associative  potentialities  that,  in  recall, 
they  will  have  a  tendency  to  bring  up  items  irrelevant  to  the 
original  learning  or  items  which  are  conflicting  and  mutually 
inhibitory.  All  of  these  things  may  happen.  Support  is  given 
this  theory  by  the  fact  that,  in  my  experiments,  the  greatest 
inhibition  always  was  caused  by  the  interpolation  which  appar- 
ently had  the  most  elements  in  common  with  the  original  learning. 

Such  a  conception  gives  retroactive  inhibition  an  intelligible 
setting  among  the  other  phenomena  of  learning.  Two  facts, 
however,  may  seem  to  stand  in  the  way  of  its  acceptance.    In  the 
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first  place,  Miiller  and  Pilzecker  found  as  great  inhibition  where 
interpolation  was  dissimilar  to  original  learning  as  where  it  was 
similar.  In  the  second  place,  the  experiments  of  Heine  and 
Tolman,  as  well  as  those  reported  here,  give  ample  evidence  that 
retroactive  inhibition  may  occur  where  two  activities  are  com- 
paratively dissimilar.  As  far  as  the  results  of  Miiller  and  Pil- 
zecker are  concerned,  they  may  be  dismissed  as  quantitatively 
inconclusive  on  this  point.  While  Heine  and  Tolman  found  retro- 
active inhibition  where  interpolation  and  original  learning  were 
dissimilar,  they  present  no  comparisons  between  the  retroactive 
effects  under  conditions  of  greater  and  less  similarity.  The  facts 
brought  out  by  the  present  investigation,  in  the  course  of  which 
just  such  comparisons  were  made,  indicate  that  retroactive  in- 
hibition is  decidedly  a  function  of  the  similarity  of  two  activities 
and,  therefore,  probably  a  matter  of  transfer. 

Still,  one  can  not  dismiss  the  fact  that  inhibition  of  plain  de- 
gree can  be  caused  by  interpolated  activities  having  apparently 
few  elements  in  common  with  original  learning.  Here  one  faces 
two  alternatives:  (i)  There  may  be  two  ways  (or  more,  per- 
haps) in  which  interpolated  activity  positively  accelerates  the 
process  of  forgetting.  In  certain  instances  retroactive  inhibition 
may  be  a  kind  of  transfer.  In  certain  other  instances  it  may  be 
something  entirely  different.  (2)  All  retroactive  inhibition  may 
be  a  matter  of  transfer. 

Taking  the  alternative  of  explaining  only  certain  instances 
of  retroactive  inhibition  in  terms  of  transfer  it  is  fair  to  ask 
what  acceptable  explanation  can  be  given  in  other  terms.  A  per- 
severation theory  such  as  that  of  Miiller  and  Pilzecker  would 
undoubtedly  be  advanced  from  some  quarters.  Such  a  theory 
would  explain  retroactive  inhibition  as  the  effect  of  interrupting 
some  consolidating  or  setting-in  process  going  on  after  conscious 
memorizing.  One  test  of  such  a  theory  is  a  comparison  of  the 
results  of  interpolation  placed  in  different  temporal  positions  be- 
tween memorizing  and  recall.  Miiller  and  Pilzecker  have  some 
rather  meagre  evidence  (one  experiment  with  one  subject)  that, 
if  such  a  supposed  process  is  allowed  time  to  mature,  the  memo- 
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rized  material  will  be  less  easily  disintegrated.  My  Experiment 
IV  showed  no  such  relationship  between  retroactive  inhibition 
and  the  temporal  position  of  the  retroactive  interpolation.  It 
might  be  said  in  answer  to  this  that  the  inhibition  I  obtained 
was  of  the  transfer  variety,  while  that  of  Miiller  and  Pilzecker 
was  not.  But  transfer  or  no  transfer,  if  a  setting-in  process 
is  open  to  interruption  by  a  dissimilar  activity,  is  there  any 
reason  to  believe  that  it  is  not  just  as  likely  to  be  disturbed  by  a 
similar  activity? 

Another  argument  against  a  perseveration  theory  of  this  kind 
is  the  difficulty  of  conceiving  of  it  in  neurological  terms.  Of 
course,  it  is  possible  that  one  group  of  active  nervous  elements 
tends  to  drain  off  energy  from  other  simultaneously  active  ele- 
ments and  so  reduces  the  activity  of  the  latter.  But  that  such 
a  drainage,  if  it  exists  at  all,  is  independent  of  the  degree  of 
identity  of  the  groups  of  elements  involved  seems  quite  unlikely. 

There  remains  a  consideration  of  the  theory  which  would  ex- 
plain all  retroactive  inhibition  in  terms  of  transfer.  This  theory 
easily  explains  retroaction  where  original  memorizing  and  inter- 
polation are  plainly  similar,  but,  where  they  are  not,  a  slight 
difficulty  arises.  One  must  admit  that  it  would  be  stretching 
a  point  to  accept  the  transfer  theory,  if  all  similarity  were,  like 
the  superficially  most  evident  sort,  a  matter  of  contents,  and 
if  all  transfer  were  a  matter  of  elements  active  in  original  memo- 
rizing being  active,  and  therefore  getting  new  associative  poten- 
tialities, during  interpolation.  There  is  no  need,  however,  for 
so  limiting  one's  conceptions  of  similarity  and  transfer.  The 
present  experiments  bring  out  the  effectiveness  of  other  kinds  of 
similarity  than  that  of  content,  and,  as  Webb  has  suggested, 
transfer  is  not  as  restricted  a  phenomenon  as  is  sometimes  sup- 
posed. The  transfer  causing  retroaction,  for  instance,  may  in 
one  case  be  a  transfer  from  memorizing  to  interpolation  and 
in  another  a  transfer  from  interpolation  to  recall.  All  that  one 
need  assume,  in  order  to  explain  any  retroaction  in  terms  of  trans- 
fer, is  that  the  situations,  memorizing,  interpolation,  and  recall, 
have  enough  in  common,  through  content,  form,  process,  or  even 
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temporal  contiguity,  to  insure  the  reinstatement  of  a  part  of  one 
of  the  situations  in  intimate  connection  with  another. 

Thus  it  appears  that,  while  many  desirable  facts  are  still 
outstanding,  all  positive  acceleration  of  the  forgetting  process 
due  to  interpolated  mental  activity  can  be  explained  in  terms 
of  transfer.  The  writer  does  not  feel  in  a  position  to  say  how 
profitably  this  theory  can  be  used  in  connection  with  retrograde 
amnesia — the  pathological  instance  of  positively  accelerated  for- 
getting. 
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I.     INTRODUCTION 

The  present  investigation  is  an  experimental  study  of  the 
mental  processes  involved  in  the  solution  of  certain  novel  prob- 
lems and  in  the  utilization  of  experiences  so  gained  for  the  sub- 
sequent mastery  of  other  problems  of  a  similar  nature.  The 
problems  were  chosen  with  a  view  to  the  possibility  of  accurate 
measurement  of  the  progress  in  their  mastery.  They  are  ar- 
ranged roughly  in  the  order  of  increasing  complexity,  and  are 
so  related  that  the  solutions  for  later  problems  are,  for  the  most 
part,  simply  more  generalized  statements  of  solutions  for  earlier 
ones.  In  the  mastery  of  these  problems  all  forms  of  mental 
process,  from  very  simple  acts  of  perception  to  fairly  difficult 
and  complicated  acts  of  abstraction  and  generalization,  >vere  in- 
volved. It  is  these  latter  processes  chiefly  to  which  attention  is 
directed  in  the  following  pages. 

In  its  use  of  objective  methods  the  study  is  closely  related  to 
the  large  experimental  literature  in  the  field  of  animal  learning 
and  the  so-called  lower  forms  of  human  learning.  Its  domi-  h 
nant  interest  in  the  processes  of  abstraction  and  generalization 
brings  it  into  relation  with  the  researches  of  Ktilpe,  Mittenzwei, 
Griinbaum,  Moore,  Aveling,  and  Fisher  in  this  field.*  Its  rela- 
tion to  the  more  dynamic  studies  of  Cleveland^  and  Ruger  is 

1  Kiilpe,  Oswald,  "Versuche  uber  Abstraktion,"  Ber.  uber  den  I  Kong,  f . 
exp.  Psych,  in  Geissen,  1904. 

Mittenzwei,  Kuno,  "Uber  abstrahierende  Appefception,"  Psych.  Stud. 
1907,  2. 

Grunbaum,  A.  A,,  **Uber  die  Abstraktion  der  Gleichheit,"  Arch.  f.  d.  ges. 
Psychol.    1908^  12. 

Moore,  Thomas  Vemer,  "The  Process  of  Abstraction:  An  Experimental 
Study,"  University  of  California  Pubs,  in  Psych.,  Vol.  I. 

Aveling,  Francis,  "The  Consciousness  of  the  Universal." 

Fisher,  Sara  Carolyn,  "The  Process  of  Generalizing  Abstraction,"  Psych. 
Rev.,  Mon.  Sup.,  Vol.  XXI,  No.  2,  1916.  Fisher  summarizes  the  work  in 
generalization  and  abstraction  prior  to  1916. 

«aeveland,  A.  A.,  "The  Psychology  of  Chess  and  Learning  to  Play  It" 
Am.  Jour.  Psych.,  Vol.  18,  1907. 
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more  direct.*  From  them  it  differs  mainly  in  attempting  a  more 
accurate  measurement  of  progress  and  a  more  careful  discrimi- 
nation of  the  elements  involved.  It  differs  from  Ruger's  work 
also  in  the  fact  that  no  skilled  motor  coordinations  are  involved, 
although  overt  manipulation  and  perceptual  judgments  do  con- 
tinually enter  in  as  factors  in  the  solution  of  problems.  *■ 

The  portion  of  Ruger's  investigation  to  which  this  study  is 
most  closely  related,  is  described  by  its  author  as  follows :  "In 
certain  cases  the  degree  of  complexity  (of  puzzles  presented  to 
his  subjects  for  solution)  could  be  indefinitely  increased,  and  yet 
a  single  rule  be  developed  for  the  solution  of  the  various  result- 
ing forms."  It  does  not  appear  from  his  descriptions,  however, 
that  the  related  forms  were  such  as  to  require  progressively 
higher  levels  of  generalization  from  problem  to  problem. 

The  study  of  the  utilization  of  experiences  gained  in  earlier 
problems  for  the  solution  of  later  ones  brings  our  discussion  into 
direct  relation  with  much  of  the  extensive  literature  on  the 
transfer  of  training.  The  experimental  work  in  this  field,  like 
that  on  the  process  of  abstraction  and  generalization,  has  been 
summarized  so  recently  as  to  obviate  the  necessity  for  further 
summarization  at  this  point.* 

8  Ruger,  Henry  Alford,  "The  Psychology  of  Efficiency,"  Columbia  Contri- 
butions to  Philosophy  and  Psychology,  Vol.  XIX,  No.  2,  igio. 

*Coover,  John  Edgar,  "Formal  Discipline  from  the  Standpoint  of  Ex- 
perimental Psychology,"  Psych.  Rev.  Mon.  Sup.,  Vol.  XX,  No.  3,  1916. 
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II.     TECHNIQUE  AND  METHOD  OF  PROCEDURE 

A.     Description  and  Analysis  of  the  Problems  Presented 
TO  THE  Subjects  for  Solution 

The  problems  whose  solution  constituted  the  task  of  our  sub- 
jects were  found  in  a  simple  game  which  proved  susceptible  of 
easy  expansion  and  adaptation  to  the  needs  of  the  present  study. 
The  original  game  calls  for  the  presentation  of  a  number  of 
matches,  say  14,  from  which  two  persons  draw  alternately,  each 
being  permitted  to  take  i  or  2  matches  at  a  draw.  He  who 
manages  to  get  the  last  draw  wins  the  game.  For  simplicity  of 
presentation  we  shall  speak  of  the  two  players  as  the  subject 
(S)  and  the  experimenter  (E).  In  our  experiments  S  was 
always  required  to  draw  first.  A  string  of  beads  mounted  upon 
a  steel  wire  was  substituted  for  the  less  convenient  matches. 

Now  when  the  initial  number  of  beads  is  14,  S  can  always 
win  the  game  by  taking  2  beads  at  his  first  draw  and  enough  at 
every  draw  thereafter  to  make  the  sum  of  each  of  his  own  draws 
and  E's  preceding  draw  equal  to  3.  In  this  manner  he  reduces 
the  sum  of  beads  successively  to  12,  9,  6,  3,  and  o,  thereby  se- 
curing for  himself  the  last  drmv  and  so  winning  the  game. 

The  mastery  of  this  simple  game  constitutes  a  problem  the 
solution  of  which  involves  some  learning,  as  is  indicated  by  the 
fact-  that  a  group  of  senior  college  students  required  50.6  trials 
on  the  average  for  the  winning  of  two  successive  trials.  Each 
trial  consists  oj.  the  subject's  responses  to  a  series  of  situations 
which  vary  slightly  though  regularly  as  will  be  explained  later.* 
The  learning  process  consists  in  finding  the  correct  response  for 
each  situation  and  in  connecting  every  situation  with  its  appro- 
priate response.  When  the  objective  situations  and  responses 
are  recorded,  it  becomes  possible  to  trace  the  progress  of  learn- 
ing from  trial  to  trial  until  any  required  degree  of  mastery  of 
the  problem  is  attained. 

^  A  trial  consists  of  all  draws  involved  in  the  reduction  of  any  initial  num- 
ber of  beads  to  o,  regardless  of  whether  S  wins  or  loses. 
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When  a  single  problem  of  this  sort  is  solved,  the  solution  is 
usually  couched  in  more  or  less  specific  terms  which  do  not 
readily  function  in  the  subsequent  solution  of  other  similar  prob- 
lems. In  the  solving  of  a  series  of  related  problems,  however,  it 
is  possible  to  observe  the  gradual  abstraction  of  common  ele- 
ments and  the  association  of  these  elements  with  appropriate 
terms,  leading  finally  to  the  formulation  of  a  general  principle 
for  the  solution  of  all  problems  of  the  series.  If  the  mastery  of 
14  as  the  initial  number  of  beads  constitutes  the  first  problem, 
mastery  of  15  as  the  initial  number  will  constitute  the  second 
problem,  mastery  of  16  as  the  initial  number  the  third,  and  so  on 
until  enough  problems  have  been  solved  to  permit  the  subject 
to  develop  a  general  formula  for  his  guidance  in  drawing  from 
any  number  of  beads.^ 

In  the  first  problem  the  subject  learned  that  he  could  not  win 
if  required  to  draw  from  3,  6,  9,  or  12  beads.  He  also  learned 
that  when  the  initial  number  of  beads  was  14,  he  could  win  by 
drawing  so  as  to  compel  his  opponent  to  draw  from  these  "criti- 
cal'' numbers.  In  the  later  problems  of  the  series  he  discovers 
that  these  numbers  are  critical  (i.e.,  the  one  who  must  draw 
from  them  inevitably  loses  the  game)  in  all  problems  of  the 
series,  regardless  of  the  initial  number  of  beads  presented  for 
solution.  Here  also  he  generalizes  to  the  eflFect  that  all  multiples 
of  3  are  critical  numbers,  and  that  he  can  win  any  nimiber  which 
is  not  a  multiple  of  3  by  reducing  it  to  such  a  multiply  at  his  first 
draw  and  through  successively  lower  multiples  of  3  to  o  at  sub- 
sequent draws.  Aside,  then,  from  the  development  of  specific 
responses  for  the  solution  of  individual  problems,  the  learning 
process  here  consists  in  the  formation  of  ( i )  a  general  concept 
through  which  the  essential  elements  of  all  problems  may  be 
represented  by  a  single  term  and  treated  as  a  unit,  and  (2)  a 

*For  the  sake  of  uniformity  it  is  necessary  to  fix  upon  a  definite  degree 
of  mastery  of  problems  to  be  required  in  all  cases.  Some  difficulty  arises 
here  owing  to  the  fact  that  it  is  impossible  for  the  subject  to  win  when 
the  initial  number  of  beads  presented  for  solution  is  a  multiple  of  3.  We 
have  considered  such  problems  "solved"  when  the  subject  expressed  a  con- 
viction that  he  could  not  win  and  called  for  a  new  problem.  All  other  prob- 
lems have  been  considered  solved  when  two  consecutive  trials  were  won. 
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system  of  draws  under  the  control  of  this  concept,  by  means  of 
which  all  non-critical  numbers  of  the  series  may  invariably  be 
won  by  the  subject.  The  basic  concept  here  developed  may  be 
termed  the  critical-number  concept.  Its  functioning  and  further 
development  through  use  may  be  observed  by  requiring  the  sub- 
ject to  solve  some  additional  series  of  problems  somewhat  simi- 
lar to  those  described  above.^ 

New  series  of  problems  of  this  sort  may  be  had  by  varying  the 
numbers  of  beads  which  may  be  taken  at  a  single  draw.  For 
example,  the  extension  of  the  numbers  which  may  be  drawn  to 

1,  2,  or  3  (instead  of  only  i  or  2  as  above)  yields  a  new  series 
of  problems  in  which  the  critical  numbers  are  multiples  of  4. 
Further  extension  of  the  numbers  which  may  be  drawn  to  i,  2, 
3,  or  4  beads  yields  another  series  of  problems  in  which  the 
critical  numbers  are  multiples  of  5,  etc.  By  further  changes  in 
the  numbers  which  may  be  drawn  an  indefinite  number  of  simi- 
lar series  of  problems  may  be  obtained.  The  various  series  of 
problems  thus  obtained  will  hereafter  be  designated  by  the  lowest 
and  the  highest  numbers  which  may  be  drawn.  Thus  Series 
1-2  will  denote  the  series  of  problems  in  which  only  i  or  2  beads 
may  be  taken  at  a  draw;  Series  1-3,  the  series  in  which  i,  2,  or  3 
beads  may  be  drawn ;  Series  2-3,  the  series  in  which  only  2  or  3 
beads  may  be  drawn,  etc. 

It  will  be  worth  while  to  direct  our  attention  to  the  location 
of  critical  numbers  in  the  various  series  since  these  numbers 
furnish  the  key  to  the  solution  of  the  various  problems  and  series 
of  problems.  We  have  observed  already  that  all  multiples  of 
3  are  critical  numbers  in  Series  1-2.  A  clearer  insight  into  the 
reason  why  these  numbers  are  critical  in  this  series  will  facilitate 
the  search  for  critical  numbers  in  other  series  of  problems.  In 
Series  1-2  any  pair  of  draws  may  result  in  the  removal  of  either 

2,  3,  or  4  beads  (the  possible  combinations  of  S's  and  E's  draws 
being  i-i,  1-2,  2-1,  2-2,  and  the  sum  of  these  combinations  2,  3, 

^A  series  of  problems  was  considered  solved  when  the  subject  gave  an 
adequate  general  formula  for  the  solution  of  all  problems  of  the  series  or 
in  some  other  manner  clearly  indicated  his  ability  to  solve  all  new  problems 
of  the  series  at  sight. 
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3,  and  4  respectively).  At  any  draw  either  S  or  E  can  take 
away  such  a  number  as  to  make  the  sum  of  his  own  draw  and 
the  immediately  preceding  draw  of  his  opponent  equal  to  3  by 
taking  i  when  the  opponent  takes  2,  and  2  when  the  opponent 
takes  I.  Thus  either  S  or  E  can  cause  the  number  of  beads  to 
be  reduced  by  3  with  each  successive  pair  of  draws,  beginning 
with  any  draw  of  his  opponent,  but  he  cannot  force  a  reduction 
by  2's  or  4's  in  this  manner  for  if  the  opponent's  draw  is  2,  the 
sum  of  the  pair  of  draws  will  necessarily  be  greater  than  2,  and 
if  the  opponent's  draw  is  i,  the  sum  of  the  pair  will  necessarily 
be  less  than  4.  The  only  number,  therefore,  by  which  successive 
reductions  can  thus  be  forced  is  3,  and  it  is  clear  that  3  is  under 
control  in  this  manner  only  because  it  is  the  sum  of  the  low  and 
the  high  draw.  If,  then,  we  designate  the  low  draw  by  the  let- 
ter L  and  the  high  draw  by  H,  we  may  say  in  more  general 
terms  that  all  multiples  of  the  sum  of  L  -\'  H  are  critical  num- 
bers.^ Notice  that  these  numbers  are  critical  not  merely  because 
they  are  multiples  of  the  sum  of  L  +  H  but  because  they  are 
greater  than  o  by  exact  multiples  of  this  sum,  and  o  is  critical 
by  definition.  If  the  conditions  of  the  game  were  so  altered  as 
to  make  i  instead  of  o  a  critical  number,  the  critical  numbers 
would  be  represented  by  the  terms  of  an  arithmetical  progression 
in  which  the  common  difference  is  L  +  H  and  the  first  term  is 

*That  this  formula  holds  for  all  series  of  <problems  of  this  sort  wherein 
winning  consists  in  securing  the  last  draw,  can  be  shown  by  substituting  the 
general  terms,  L  and  H,  for  i  and  2  in  the  foregoing  statement  Thus 
either  S  or  E  can  take  away  such  a  number  of  beads  at  any  draw  as  to 
make  the  sum  of  his  own  draw  and  the  opponent's  immediately  preceding 
draw  equal  to  L  +  H.  If  one's  opponent  draws  L,  one  can  draw  H;  if  the 
opponent  draws  H,  one  can  draw  L,  and  if  the  opponent  draws  L  -f-  ^1  one 
can  bring  the  sum  of  the  pair  of  draws  up  to  L  +  H  by  taking  away  H  —  x 
beads.  Moreover,  L  +  H  is  the  only  number  by  which  successive  reductions 
can  thus  regularly  be  forced  for  if  the  opponent's  draw  is  L,  one  cannot 
draw  enough  to  raise  the  sum  of  the  pair  of  draws  above  L  +  H,  and  if 
the  opponent's  draw  is  H,  one  cannot  draw  so  low  a  number  as  to  make 
the  sum  of  the  pair  of  draws  less  than  L  -j-  H. 

'This  condition  is  actually  realized  if  in  Series  1-2,  for  example,  the  defi- 
nition of  success  is  so  modified  that  drawing  last  constitutes  losing  instead 
of  winning  the  game. 


Digitized  by 


Google 


HIGHER  MENTAL  PROCESSES  IN  LEARNING  7 

In  all  series  of  problems  in  which  L  is  2  both  o  and  i  may  be 
said  to  be  critical  by  definition.  The  critical  numbers  are  here 
represented  by  the  terms  of  two  arithmetical  progressions  hav- 
ing each  a  common  difference  of  L  +  H.  The  first  terms  of 
these  progressions  are  o  and  i  respectively.  When  L  is  3,  2 
also  becomes  a  critical  number.  In  fact,  it  will  be  noticed  that 
all  numbers  below  L,  including  o,  are  in  every  serios  critical. 
These  numbers  may  be  called  the  basic  critical  numbers.  Each 
basic  critical  ntmiber  is  the  first  term  of  an  arithmetical  pro- 
gression in  which  the  common  difference  is  L  +  H  and  of  which 
all  terms  are  critical  numbers.     The  critical  numbers  of  any 

series  are  therefore  o,  1,2 L  —  i  and  all  numbers  which 

are  greater  than  any  of  these  basic  critical  numbers  by  exactly 
a  multiple  of  the  simi  of  L  +  H.  This  generalization  holds  for 
all  series  in  which  all  numbers  between  L  and  H  may  be  drawn. 
Series  of  this  sort  have  been  called  continuous  series.  All  series 
of  problems  described  in  the  foregoing  pages  are  continuous 
series.  Other  series  of  problems  requiring  more  difficult  gen- 
eralizations may  be  had  by  restricting  the  draws  to  L  and  H. 
Series  of  this  sort  in  which  only  L  and  H  may  be  drawn  will  be 
known  as  discontinuous  series.  Only  a  limited  number  of  dis- 
continuous series  were  solved  by  our  subjects,  owing  to  the  diffi- 
culty of  manipulation  when  the  values  of  L  and  H  are  high. 
To  facilitate  their  analysis  these  discontinuous  series  with  some 
of  their  critical  numbers  are  listed  below.  Bear  in  mind  that 
the  numbers  by  which  a  discontinuous  series  is  indicated  are  the 
only  numbers  which  may  be  drawn  in  that  series. 

Series  (discontinuous).  Critical  Numbers. 

I  or    3*  o,  2,  4,  6,  8,  10,  12,  14,  16,  etc. 
I  or    5 ;  o,  2,  4,  6,  8,  10,  12,  14,  16,  etc. 

1  or    7 ;  o,  2,  4,  6,  8y  10,  12,  14,  16,  etc. 

2  or    6;  0,/,  4,5,  8,9,  12,13,  ^^f^T,  20,21,  etc. 

2  or  10;  o,/,  4,5,  8,9,  12,13,  16,17,  20,21,  etc. 

3  or    9;  0,1,2,  6,7 J^  1^,13,14,  18,19.20,  24,25,26,  etc. 

4  or  12;  0,1,2,3,  8,9,10,11,  16,17,18,19,  24,25,26,27,  etc. 
I  or    4;  0,  2,  5,  7,  10,  12,  15,  17,  20,  22,  etc. 

I  or    6;  0,  2,  A,  7,  %  11,  14,  16,  18,  21,  etc. 

1  or    8;  o,  2,  4,  6,  9,  11,  13,  15,  18,  20,  etc. 

2  or    5;  0,1,  4,-,  7y8,  II,—,  14,15.  18,—,  etc 
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2  or  7;  0,1,  4,  5,  9,/o,  13,14,  i8,J9,  22^3,  etc, 

2  or  8;  oj,  4»5,  ^o.^^,  I4.I5,  ^,^^,  24,  25,  etc. 

2  or  9;  o,/,  4,5.  8,-,  //,i^,  15,  16,  19,—,  2^,23,  etc. 

3  or  7;  o,j,^,  6,-,-    10,11,12,  16,—,—,  20,21,22,  etc 

3  or    8;  o,/,^,  6,7,-,  /i,/^,Ji,  17,18,—,  ^^,^i,^^,  etc. 

4  or    9;  o,t,2,2,  8.-,",-,   13,14,15,16,  21,—,—,—,  etc. 

The  numbers  in  italics  are  those  obtained  by  applying  our  old 
formula  to  these  series.  These  numbers  will  be  known  as  pri- 
mary critical  numbers  and  groups  of  them  as  primary  C  groups. 
Within  the  intervals  between  primary  C  groups  there  are  now 
other  critical  numbers  which  have  become  critical  because  of 
the  restriction  of  draws  to  L  and  H.  Such  numbers  will  be 
known  as  secondary  critical  numbers.  The  secondary  critical 
numbers  fall  into  order  in  accordance  with  a  principle  already 
applied  to  the  primary  critical  numbers;  namely,  that  there  are 
certain  basic  critical  numbers  each  of  which  is  the  first  term  of 
an  arithmetical  progression  in  which  the  common  difference  is 
L  +  H  and  of  which  all  terms  are  critical  numbers.  Our  task 
will  therefore  be  confined  to  finding  the  basic  secondary  critical 
numbers  in  the  series  listed  above;  i.e.,  those  secondary  critical 
numbers  which  fall  in  the  interval  between  the  first  two  groups 
of  primary  critical  numbers. 

Note  that  in  every  series  in  the  list  all  numbers  below  H,  which 
may  be  obtained  by  adding  a  multiple  of  2L  to  any  number  in 
the  primary  C  group,  are  critical.  Why  are  these  numbers  criti- 
cal? and  why  do  they  not  extend  beyond  H  —  i  above  o?  Ob- 
viously the  possibility  of  using  the  high  draw  no  longer  exists 
when  the  number  of  beads  has  been  reduced  below  H.  Below 
this  point  the  game  must  necessarily  proceed  by  successive  re- 
ductions of  L  beads  at  each  draw,  and  each  pair  of  draws  will 
result  in  the  reduction  of  the  number  by  2L.  Now  if,  after 
reduction  below  H,  the  number  of  beads  remaining  is  equal  to 
any  number  in  the  primary  C  group  plus  a  multiple  of  2L,  it 
will  itself  be  critical,  because  the  one  who  draws  first  in  the  first 
pair  of  draws  will  necessarily  draw  first  in  all  succeeding  pairs 
of  draws,  wherefore  the  last  and  winning  draw  will  fall  to  his 
opponent.  Concerning  the  second  question,  it  is  clear  that  any 
number  which  is  greater  than  o,  or  than  any  other  member  of 
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the  basic  primary  C  group,  by  exactly  the  amount  of  H,  cannot 
be  critical;  because  it  can  be  reduced  by  one  draw  to  less  than 
L,  i.e.,  to  a  basic  critical  number.  This  is  the  reason  why  4,  6, 
and  8  are  not  critical  numbers  in  Series  i  or  4,  i  or  6,  and  i  or 
8  respectively.  This  is  the  reason  also  why  the  secondary  C 
groups  sometimes  consist  of  less  than  L  critical  numbers,  as  in 
Series  2  or  5,  2  or  9,  3  or  7,  3  or  8,  and  4  or  9.  Each  of  the 
numbers  in  these  series,  which  would  have  been  critical  but  for 
the  limiting  effect  of  the  H  draw,  is  indicated  in  the  list  by  a 
dash.  All  numbers  that  are  greater  than  a  basic  secondary  criti- 
cal number  by  an  exact  multiple  of  L  +  H,  are  themselves 
critical  for  the  same  reason  that  numbers  which  are  greater  than 
a  basic  primary  critical  number  by  that  amount,  are  critical. 

To  recapitulate,  we  have  found  certain  uniformities  in  the 
distribution  of  critical  numbers  in  our  series  of  problems  as  fol- 
lows :  ( I )  There  is  in  every  series  a  group  of  critical  numbers 
extending  from  o  to  L  minus  i  inclusive,  which  we  have  called 
the  basic  primary  C  group.  (2)  All  numbers  in  any  series,  which 
are  greater  than  any  number  in  the  basic  primary  C  group  by 
exactly  a  multiple  of  the  sum  of  L  +  H,  are  critical.  (3)  In 
the  discontinuous  series  all  numbers  below  H  which  are  g^reater 
than  any  number  in  the  basic  primary  C  group  by  exactly  a  multi- 
ple of  2L,  are  critical.  These  are  the  basic  secondary  critical 
numbers.  (4)  All  numbers  in  a  series,  which  are  greater  than 
a  basic  secondary  critical  number  by  exactly  a  multiple  of  the 
sum  of  L  -|-  H,  are  critical.'  The  primary  critical  numbers  are 
found  in  all  series,  both  continuous  and  discontinuous ;  secondary 
critical  numbers  are  found  only  in  discontinuous  series.  To  win 
a  game,  or  trial,  beginning  with  any  number  which  is  not  criti- 
cal, one  must  draw  so  as  to  reduce  the  number  of  beads  to  a 
critical  number  at  his  first  draw;  thereafter  he  must  draw  so 
as  to  make  the  sum  of  each  of  his  draws  and  the  preceding 
draw  of  the  opponent,  equal  to  L  +  H.^ 

•Other  more  difficult  series  of  problems  may  be  obtained  by  permitting 
three  or  more  non-consecutive  numbers  or  groups  of  numbers  to  be  drawn. 
But  the  foregoing  series  furnish  enough  difficulty  for  the  ordinary  gradu- 
ate student  under  the  conditions  of  our  experiment. 

7  In  the  discontinuous  series  this  procedure  may  result  in  the  final  re- 
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B.  Apparatus  and  Recording  of  Data 
The  apparatus  consisted  of  a  stop-watch,  a  metronome,  an 
Edison  telescribe,  or  dictaphone,  and  a  row  of  thirty  beads 
strung  upon  a  steel  wire  the  ends  of  which  were  inserted  into 
metal  cubes  of  sufficient  height  to  permit  the  beads  to  move 
freely.  These  beads  were  substituted  for  the  matches  of  tJie 
original  game  because  they  offered  less  obstruction  to  free  ma- 
nipulation, and  therefore  increased  the  value  of  the  time  records 
of  individual  reactions. 

While  the  experiment  progressed  the  dictaphone  was  in  ac- 
tion with  the  horn  so  adjusted  as  to  secure  as  clear  a  record  as 
possible  of  all  the  verbal  reactions  of  the  subject.  The  subject 
was  asked  to  state  aloud  the  number  taken  at  each  draw  as  the 
"move"  was  being  made.  The  experimenter  also  called  out  the 
number  taken  by  him  at  each  draw.  Thus  the  dictaphone  records 
contained  all  the  draws  and  such  comments  as  were  made  during 
the  experiment.  To  mark  the  time  consumed  by  these  reactions 
a  metronome  beating  half  seconds  was  placed  near  the  dicta- 
^  phone.  The  beats  were  clearly  audible  in  the  records.  As  the 
experiment  progressed  the  experimenter  made  a  written  record 
of  the  individual  draws  of  the  subject  and  of  the  experimenter 
in  separate  columns.  Incipient  movements,  indicating  that  the 
subject  was  considering  a  particular  draw,  were  recorded  with  a 
distinctive  mark  but  were  not  counted  in  the  summing  up  of 
data.  Upon  these  written  records  the  dictaphone  records  were 
later  transcribed.  The  beats  of  the  metronome  were  counted, 
and  the  number  of  half  seconds  from  the  beginning  of  the  trial 
to  each  of  its  component  reactions  were  recorded.  Though  no 
high  degree  of  accuracy  is  claimed  for  these  time  records,  they 
were  accurate  enough  to  be  exceedingly  useful  in  showing  the 
distribution  of  attention  among  the  different  reactions  entering 
into  a  trial.  They  also  serve  to  show  differences  in  the  speed  of 
reaction  of  different  subjects  and  of  any  one  subject  in  different 
portions  of  the  experiment.    From  the  dictaphone  records  were 

duction  of  the  number  of  beads  to  a  basic  secondary  critical  number, 
which  will  be  reduced  to  a  basic  primary  critical  number  by  a  series  of 
L  draws. 
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also  obtained  the  comments  of  subjects,  which  were  recorded 
in  their  proper  places  in  the  records.  These  verbal  reactions 
were  often  useful  in  the  interpretation  of  our  data.  In  order 
that  the  learning  process  might  go  on  as  naturally  and  as  free 
from  interruption  as  possible,  no  introspections  were  called  for 
and  few  were  given. 

For  various  reasons  it  was  found  necessary  in  certain  por- 
tions of  the  work  to  dispense  with  the  use  of  the  dictaphone 
except  for  the  recording  of  the  more  important  verbal  responses. 
Time  measurements  were  here  obtained  by  means  of  a  stop- 
watch. In  such  cases  it  was  of  course  impossible  to  record  the 
time  of  each  separate  reaction,  although  the  time  of  complete 
trials  was  taken  with  as  great  accuracy  as  was  possible  by  the 
more  cumbersome  method.  With  this  procedure  it  waa  not 
possible  to  distinguish  the  time  consumed  by  the  experimenter's 
draws  from  that  consumed  by  the  reactions  of  the  subject.  To 
make  the  records  of  different  subjects  comparable  in  time,  there- 
fore, the  experimenter  made  the  time  of  his  draws  as  uniform 
as  possible.  A  fair  estimate  of  the  degree  of  their  uniformity 
may  be  made  from  the  record  of  a  relatively  small  number  of 
typical  reactions.  In  206  trials  with  11  beads  taken  from  the 
records  of  various  subjects,  it  was  found  that  the  average  time 
per  trial  was  41.14  metronome  beats,  or  half  seconds.  The  aver- 
age time  per  trial  consumed  by  the  experimenter's  draws  was 
9.76  half  seconds  with  an  average  deviation  of  1.99.  This  A.D. 
of  20  per  cent  from  the  average  of  the  experimenter's  time  per 
trial  is  not  a  serious  matter  when  it  is  remembered  that  his 
time  was  on  the  average  less  than  one-fourth  of  that  constimed 
by  the  reactions  of  the  subject.  The  effect  of  the  inclusion  of 
the  time  required  for  the  experimenter's  draws  is  to  put  the 
subject  who  draws  most  rapidly  at  a  slight  disadvantage,  but 
the  time  differences  in  our  records  are  large  enough  to  make 
these  small  errors  rather  unimportant. 

C.     Order  of  Presentation  of  Problems 
As  already  stated,  each  series  consists  of  what  are  to  the 
subject  at  the  beginning  a  succession  of  relatively  independent 
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problems.  Beginning  with  H  +  ^  beads  in  all  series  in  which 
L  is  I,  and  with  H  +  2L  —  i  beads  in  all  series  in  which  L  is 
greater  than  i,  the  numbers  (or  problems)  of  each  series  were 
presented  in  the  order  of  their  magnitude  from  lowest  to  high- 
est. As  soon  as  a  practicable  solution  was  found  for  one  num- 
ber, the  next  higher  number  of  the  series  was  presented.  Thus 
successive  proUems  of  a  series  were  solved  until  a  satisfactory 
generalization  was  formulated  for  the  entire  series.  A  higher 
series  of  problems  was  then  presented  in  the  same  manner.  The 
order  of  presentation  of  series  was  the  order  of  the  magnitude 
of  their  L  and  H  draws.  First,  all  series  in  which  L  is  i  were 
presented,  beginning  with  Series  1-2  and  proceeding  through 
Series  1-3,  1-4,  1-5,  etc.,  until  a  general  solution  for  all  series 
of  this  order^  was  found.  Series  of  the  next  higher  order  (i.e., 
in  which  L  is  2)  were  next  presented,  beginning  with  Series  2-3 
and  continuing  through  Series  2-4,  2-5,  etc.,  until  a  general  so- 
lution for  all  series  in  which  L  is  2,  was  found.  In  the  same 
manner  successively  higher  orders  of  series  were  presented  until 
a  general  solution  was  obtained  for  all  continuous  series.  The 
nimiber  of  continuous  series  was  not  the  same  for  all  subjects. 
A  woilcable  generalization  was  made  by  some  subjects  after  the 
solution  of  but  a  few  series  in  only  two  or  three  orders.  Others 
were  unable  to  arrive  at  a  suitable  generalization  until  after  the 
solution  of  numerous  series  extending  through  a  number  of 
orders.  Only  a  limited  number  of  discontinuous  series  was  pre- 
sented, however,  and  this  number  was  the  same  for  all  subjects. 
These  discontinuous  series  are  listed  on  page  7  in  the  order  in 
which  they  were  presented. 

The  order  of  presentation  of  the  discontinuous  series  may 
need  a  word  of  explanation.  The  first  portion  of  this  group  of 
series,  extending  from  Series  i  or  3  to  Series  4  or  12  inclusive, 
was  given  to  bring  out  the  fact  that  secondary  critical  numbers 
are  found  by  the  addition  of  multiples  of  2L  to  the  primary 
critical  numbers.  This  is  the  simplest  possible  collection  of 
series  with  a  sufficient  variety  of  values  for  L  and  H,  in  which 

«  The  order  of  a  series  refers  to  the  number  represented  by  L.    In  series 
of  the  first  order  L  is  i,  in  the  second  order  L  is  2,  etc 
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all  multiples  of  2L  above  any  primary  critical  number,  are  criti- 
cal. Not  all  subjects  succeeded  in  getting  this  generalization 
from  this  small  group  of  series,  but  the  addition  of  other  series 
of  this  character  was  impracticable  owing  to  the  large  number 
of  beads  that  would  need  to  be  manipulated.  In  Series  i  or  4 
to  4  or  9  it  was  expected  that  subjects  would  discover  that  not 
all  multiples  of  2L  above  a  primary  critical  number,  are  critical ; 
and  also  find  some  rule  by  which  to  locate  such  multiples  of  2L 
above  primary  critical  niunbers  as  are  not,  in  a  given  series, 
critical. 

After  the  completion  of  Series  4  or  9  the  beads  were  put 
aside,  and  the  subject  was  asked  to  name  the  critical  numbers  in 
Series  4  or  11  and  later  in  Series  5  or  11.  The  work  in  these 
series  was  necessarily  done  mentally  and  often  served  to  compel 
the  subject  to  return  to  his  earlier  generalizations  in  the  at- 
tempt to  find  a  principle  which  would  apply  here.  If  at  the 
end  of  these  series  no  single  workable  generalization  for  all 
series  had  been  given,  the  subject  was  permitted  to  refer  to  a 
table  of  critical  numbers  for  all  the  discontinuous  series."  Here, 
as  in  the  preceding  portions  of  the  woric  the  time  required  and 
such  of  the  subject's  observations  as  were  given  verbal  expres- 
sion, were  recorded. 

D.    Degree  of  Learning  and  Uniformity  of  Procedure 

In  order  to  make  the  conditions  imiform  for  all  subjects  it 
was  necessary  that  the  experimenter  govern  his  draws  in  ac- 
cordance with  some  definite  rules.  It  was,  of  course,  necessary 
that  no  rule  should  prevent  the  experimenter  from  taking  ad- 
vantage immediately  of  any  error  made  by  the  subject,  but  aside 
from  this  there  was  a  fair  latitude  within  which  he  might  vary 
his  draws  without  necessarily  affecting  the  outcome  of  the  game. 
In  Series  1-2,  for  example,  so  long  as  the  subject  took  care  to 
reduce  the  number  of  beads  to  a  multiple  of  3  at  each  of  his 
draws,  it  might  seem  to  be  a  matter  of  indifference  whether  the 
experimenter  took  i  or  2  at  a  draw.  But  the  indiscriminate 
changing  of  his  draws  would  result  in  a  serious  lack  of  uni- 

^This  table  with  a  few  changes  in  the  italics  is  given  on  page  7. 
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formity  in  the  condition  to  be  met  by  the  different  subjects.  If, 
on  the  other  hand,  the  experimenter  were  to  take  i  always  or  2 
always  so  long  as  the  subject's  draws  were  correct  the  latter 
might,  by  mere  mechanical  memory  and  repetition  of  previous 
draws,  win  a  sufficient  number  of  consecutive  trials  to  permit 
him  to  pass  on  to  the  next  higher  nilmber  in  the  series,  and  some 
mechanical  performance  of  this  sort  might  be  repeated  indefi- 
nitely. To  prevent  such  mechanical  repetition  of  accidental  suc- 
cesses while  still  maintaining  uniform  conditions  for  all  subjects, 
the  experimenter  first  drew  i  at  every  draw  through  an  entire 
trial  and  then  2  at  every  draw  throughout  the  next  trial.  This 
change  in  the  number  drawn  by  the  experimenter  in  alternate 
trials  was  continued  tmtil  the  problem  was  solved.  But  if  S  made 
an  error  in  any  trial,  E  immediately  departed  from  his  imiform 
reactions  and,  taking  advantage  of  the  error,  drew  so  as  to  win. 
The  change  in  E*s  draw  in  alternate  trials  often  proved  very  dis- 
concerting for  a  time  to  subjects  who  tried  to  repeat  accidental 
successes  from  memory,  but  it  usually  resulted  in  bringing  about 
some  kind  of  attempt  at  critical  analysis.  When  two  trials  had 
been  won  in  succession  by  the  subject,  another  bead  was  added 
and  the  process  repeated.  Thus  successive  increments  of  i 
were  made  and  the  solutions  for  the  resulting  numbers  found 
until  a  solution  for  the  entire  series  was  obtained. 

This  changing  back  and  forth  of  the  experimenter's  draw  in 
alternate  trials,  together  with  the  requirement  that  S  win  two 
trials  in  succession,  resulted  in  bringing  out  all  possible  varia- 
tions in  Series  1-2.  Two  lines  of  procedure  each  somewhat  in 
accord  with  this  were  possible  in  the  higher  series,  (i)  E 
might  alternate  the  L  draw  in  one  trial  with  the  H  draw  in  tht. 
next,  neglecting  all  the  intermediate  draws  except  when  an  error 
on,  the  part  of  the  subject  made  it  possible  for  E  to  win  with 
one  of  the  intermediate  draws.  (2)  He  might  use  all  of  the 
possible  draws,  taking  each  exclusively  for  an  entire  trial  in 
some  regular  order.  The  latter  procedure  was  used  with  some 
of  the  subjects  in  the  preliminary  experiments.  It  has  the  advan- 
tage of  preventing,  in  a  measure,  the  direction  of  attentioii  to 
non-essentials.  But,  if  consistently  carried  out,  it  requires  that  the 
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subject  win  each  number  in  the  series  as  many  times  as  there  are 
possible  draws  in  the  series  and  so  interferes  seriously  with  the 
comparability  of  data  from  different  series.  The  requirement 
that  S  win  H  minus  L  consecutive  trials  with  each  number  also 
becomes  somewhat  monotonous  in  the  higher  series.  The  former 
procedure  has  the  advantage  of  avoiding  this  monotony  and 
keeping  the  degree  of  learning  more  nearly  imiform  through- 
out all  series.  It  therefore  makes  the  data  from  different  series 
more  truly  comparable.  This  procedure  was  followed  in  the 
woric  of  all  of  our  subjects  except  a  few  who  served  in  the 
preliminary  experiments.  No  attempt  is  made  to  compare  their 
woric  in  the  later  series  with  that  of  other  subjects.^® 

As  soon  as  a  subject  recognized  two  successive  critical  num- 
bers in  a  series  by  inspection,  or  showed  his  mastery  by  predic- 
tion of  the  outcome  with  higher  nimibers  in  the  series,  or  gave 
a  correct  generalization,  he  was  presented  with  a  considerably 
higher  number  in  the  same  series.  He  did  not  draw  from  this 
higher  number,  but  merely  announced  his  decision  as  to  what 
would  be  the  correct  draw  and  gave  a  reason  for  his  decision. 
In  case  the  correct  draw  was  indicated  but  no  intelligible  reason 
could  be  given,  the  subject  was  taken  back  to  the  point  previously 
attained  and  required  to  follow  the  regular  procedure  until  clear 
evidence  was  given  of  at  least  some  sort  of  a  practical  solution 
which  would  hold  for  all  numbers  in  the  series.  This  was  not 
a  very  common  occurrence,  however,  and  never  resulted  in 
serious  departures  from  the  ordinary  procedure.    In  most  cases 

^^Even  this  procedure  cannot,  however,  be  said  to  make  the  data  from 
different  series  entirely  comparable.  The  fact  that  the  critical  and  the  non- 
critical  numbers  are  not  in  the  same  proportion  in  different  series,  is  bound 
to  affect  the  degree  of  learning  in  some  measure.  Compare  Series  1-2  with 
Series  1-5  in  this  respect  In  the  former  series  the  subject  encounters  five 
critical  numbers  in  working  from  the  begimiing  of  the  series  to  and  in- 
cluding 15  beads;  in  the  latter  he  encounters  two.  In  the  former  series  he 
need  not  reduce  the  number  of  beads  to  each  of  these  critical  numbers  more 
than  four  times  before  passing  to  the  next  higher  critical  number.  In  the 
latter  series  he  must  reduce  the  beads  to  each  of  the  critical  numbers  at 
least  ten  times  before  he  is  permitted  to  pass  on  to  the  next  higher  critical 
number.  There  is,  of  course,  in  die  more  frequent  occurrence  of  critical 
numbers  in  the  lower  series,  some  compensation  for  the  higher  degree  of 
learning  of  critical  numbers  in  the  higher  series. 
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a  verbal  formula  was  given,  and  sometimes  this  was  expressed  in 
mathematical  form. 

At  the  completion  of  a  series  the  next  higher  series  followed 
immediately  or  at  the  next  sitting.  The  solving  of  successive 
series  continued  until  a  general  solution  for  an  entire  order  of 
series  was  given  or  until  a  complete  series  was  solved  without 
a  draw.  When  this  occurred,  a  higher  "test"  series  of  the  same 
order  was  usually  but  not  always  given,  being  omitted  only  when 
the  subject's  statement  of  his  generalization  left  no  doubt  that 
he  had  found  an  adequate  solution  for  all  series  of  that  order. 
In  case  of  failure  in  one  of  these  test  series,  it  need  hardly  be 
said,  a  return  was  made  to  the  series  following  the  last  one  which 
had  been  solved.  If  the  test  series  was  successfuUly  solved,  the 
first  series  of  a  higher  order  was  presented,  and  so  on  through- 
out the  experiment.  As  already  stated,  it  was  impossiWe  to 
adhere  strictly  to  this  uniform  degree  of  learning  in  case  of  the 
discontinuous  series.  Here  the  degree  of  learning  differed  con- 
siderably with  different  subjects,  some  of  whom  persistently 
worked  out  the  relations  existing  between  successive  series 
whereas  others  were  content  to  generalize  for  each  series  in 
isolation. 

E.  Instructions  to  Subjects 
With  the  apparatus  in  position  and  the  subject  feady  to  begin 
work,  the  experimenter  said  in  substance:  "We  shall  draw 
alternately  from  this  string  of  beads.  You  may  take  i  or  2 
beads  at  a  draw  and  I  also  may  take  i  or  2  at  any  draw.  (With 
each  statement  of  the  number  to  be  drawn  the  experimenter  il- 
lustrated by  manipulation  of  the  beads,  showing  the  alternation 
between  his  and  the  subject's  draws  which  were  made  from  op- 
posite ends  of  the  row  of  beads.)  The  object  is  to  get  the  last 
draw,  i.e.,  you  win  if  you  get  the  last  draw.  You  always  draw 
first.    Will  you  call  out  the  number  you  take  at  each  draw  ?" 

The  number  was  then  immediately  reduced  to  4  and  the  sub- 
ject asked  to  begin.  The  procedure  from  this  point  has  already 
been  described.  As  soon  as  the  subject  announced  his  inability 
to  win  with  6  beads  as  the  initial  number,  the  experimenter 
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asked :  "Hereafter  whenever  you  make  such  a  discovery  or  get 
an  idea  which  seems  to  be  signifcant,  will  you  let  me  know  at 
once?"  The  subject  was  also  told  at  this  point,  provided  his 
questions  had  not  brought  out  the  fact  earlier,  that  he  would  be 
expected  to  find  a  general  rule  for  the  solution  of  all  numbers 
in  the  series.  The  request  that  S  make  known  any  seemingly 
relevant  new  ideas  was  repeated  at  the  beginning  of  each  of  the 
early  series  and  at  other  times  when  his  actions  seemed  to  in- 
dicate that  he  had  made  a  new  discovery.  Subjects  were  not 
permitted  to  record  any  data  though  the  experimenter's  record 
for  a  few  of  the  immediately  preceding  trials  was  usually  in 
sight.  This  was  unavoidable  owing  to  the  difficulties  of  manipu- 
lation and  recording.  While  attempting  to  recall  successful  re- 
actions of  earlier  portions  of  the  work,  subjects  sometimes  asked 
permission  to  see  their  records.  This  was  not  permitted.  At 
the  beginning  of  the  second  series  the  subject  was  told :  "The 
requirements  of  the  game  are  the  same  as  before  but  you  may 
now  take  either  i,  2,  or  3  beads  at  a  draw."  The  subjects  were 
of  course  informed  at  the  beginning  of  each  of  the  later  series 
as  to  the  numbers  which  might  be  drawn.  Subjects  were  asked 
to  refrain  from  thinking  of  the  experiments  during  the  intervals 
between  their  periods  of  woric. 

F.    The  Subjects 

Exclusive  of  those  who  served  in  the  preliminary  experimen- 
tation by  which  the  final  mode  of  procedure  was  determined,  46 
subjects  served  in  our  experiments.  The  subjects  were  divided 
into  groups  as  follows:  (a)  Group  I  consisting  of  14  subjects, 
(b)  Group  II  consisting  of  20  subjects,  (c)  Group  III  consisting 
of  12  subjects.  The  major  portion  of  our  study  is  based  upon 
the  work  of  the  subjects  in  Group  I.  These  subjects  will  be 
designated  by  Roman  numerals.  Subjects  i  to  x  are  numbered 
in  the  order  of  the  speed  of  their  performance  as  determined  by 
the  number  of  trials  required  for  the  solution  of  all  the  problems 
presented.  Subject  i  being  the  speediest,  Subject  ii  the  next  speed- 
iest, etc.  Subjects  xi,  xii,  xiii,  and  xiv  did  not  finish  the  entire 
experiment  and  could  not,  therefore,   be  given  their  relative 
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ranks.  Subject  iii  was  a  first-year  high  school  boy  who  was  thir- 
teen years  old ;  Subject  vi  was  a  college  senior,  and  the  remain- 
ing ones  were  all  graduate  students  or  instructors  in  the  Uni- 
versity of  Chicago.  All  of  the  subjects  of  this  group  were 
males  except  Subject  v. 

Subject  ii  solved  most  of  the  problems  at  two  sittings  in  one 
day  and  returned  three  weeks  later  to  finish  in  one  short  period. 
Subjects  i,  iii,  iv,  vi,  vii,  and  xii  were  scheduled  to  work  every 
day,  but  failed  to  live  completely  up  to  the  schedule.  Subjects 
ix  and  x  worked  with  a  fair  degree  of  regularity  at  weddy 
intervals,  and  the  remaining  subjects  of  this  group  were  quite 
irregular  in  the  distribution  of  their  eflFort.  The  work  with  this 
group  of  subjects  was  done  at  the  University  of  Chicago  during 
the  fall  and  winter  of  1916-17. 

Group  II  consists  of  20  members  of  a  class  of  21  third-  and 
fourth-year  college  and  graduate  students  at  the  Kansas  State 
Agricultural  College.  This  group  is  subdivided  into  Groups 
Ila  and  lib  each  consisting  of  10  subjects.  Group  Ila  solved 
first  Series  1-2  and  then  Series  1-3.  The  members  of  this  group 
are  designated  by  the  capital  letters  A  to  J  in  the  order  of  their 
speed  of  learning,  the  speediest  first.  Group  lib  solved  first 
Series  1-3  and  then  Series  1-2.  The  members  of  this  group  are 
designated  by  the  small  letters  from  a  to  j,  again  in  the  order  of 
their  speed  of  learning.  The  work  with  Group  II  was  done  at 
the  Kansas  State  Agricultural  College  in  the  spring  of  1918. 

Group  III  consists  of  all  of  the  members  of  a  class  of  third- 
and  fourth-year  college  students.  The  subjects  in  this  group 
worked  out  solutions  for  problems  in  Series  1-2  from  14  to  20 
inclusive.  The  work  with  this  group  of  subjects  was  done  at  the 
Kansas  State  Agricultural  College  during  the  fall  of  19 18. 
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III.    RESULTS 
A.     Unit  of  Measurement 

Before  proceeding  with  the  presentation  of  data  it  is  neces- 
sary to  attend  to  the  selection  of  a  suitable  unit  for  the  measure- 
ment of  progress.  To  be  entirely  comparable  successive  units 
of  effort  should  be  uniform  in  (a)  time  consumed,  (b)  degree 
and  distribution  of  attention,  and  (c)  number  and  character  of 
reactions.  Perfect  tmiformity  in  all  of  these  characteristics  is 
obviously  out  of  the  question,  if  subjects  are  to  be  given  the 
requisite  freedom  for  normal  reasoning.  There  is  no  constant 
unit  of  time  into  which  the  work  of  our  subjects  can  be  divided 
so  that  the  distribution  of  effort  in  successive  units  will  conform 
even  approximately  to  (b)  and  (c)  of  the  foregoing  require- 
ments. Of  a  number  of  units  of  response  which  suggest  them- 
selves the  trial^  conforms  most  closely  to  all  of  these  require- 
ments.* Measurement  and  comparison  of  progress  will  there- 
fore be  made  chiefly  in  terms  of  the  trial,  though  the  number  of 
errors  made  during  the  solution  of  the  various  problems,  as  well 
as  the  time  required,  will  also  be  stated  and  utilized  to  some  ex- 
tent in  the  treatment  of  some  portions  of  our  data. 

It  will  be  worth  while  briefly  to  inquire  into  the  variability  of 
the  trial.  The  characteristics  in  which  variability  is  greatest  and 
also  most  susceptible  to  accurate  measurement,  are  the  time  and 

^A  series  of  draws  culminating  in  the  reduction  of  any  initial  number  of 
beads  to  o,  constitutes  a  trial,  regardless  of  who  draws  last. 

2  It  might  be  supposed  that  the  draw  would  be  a  better  unit  of  measure- 
ment, but  this  unit  is  altogether  too  variable  to  be  of  service.  In  time  con- 
sumed it  varies  from  less  than  a  half  second  to  several  hundred  seconds. 
In  the  amount  of  critical  attention  called  forth,  it  varies  from  serious,  con- 
centrated effort  to  the  most  mechanical  performance.  Often,  indeed,  the 
draws  do  not  stand  out  singly  as  significant  to  the  subject,  but  are  linked  up 
in  various  combinations  into  series  each  of  which  constitutes  a  trial  and  a 
real  unit  in  the  distribution  of  attention.  Nor  can  the  measurement  of 
progress  be  made  in  terms  of  errors  or  of  successful  performances, — ^i.e., 
of  successes  in  reducing  the  number  of  beads  to  o, — since  in  drawing  from 
a  critical  number  no  successes  of  this  objective  sort  and  likewise  no  erro- 
neous draws,  are  possible. 
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number  of  draws  per  trial.  The  facts  regarding  the  variability 
of  trials  in  these  characteristics,  as  found  in  the  work  of  our 
major  group  of  subjects  in  Series  1-2,  are  given  in  Table  I. 

Table  I 
No.  of  Subject's  Draws  per  Trial  Time  per  Trial 


Av.  No. 

Subj. 

Draws 

A.D. 

V« 

MeA  Time 

Q* 

V5 

iii 

3.13 

.95 

^ 

27 

7.0 

.26 

IV 

3.33 

71 

J2I 

39 

13.1 

.34 

i 

3.35 

.67 

.20 

41 

11.7 

.29 

V 

3.58 

.91 

.25 

58 

30.0 

Sa 

ii 

3.66 

.89 

.24 

85 

34.9 

41 

viii 

4.20 

.68 

.16 

25 

54 

.22 

vii 

4.21 

141 

.34 

27 

10.S 

.39 

xi 

4^5 

1.02 

M 

54 

16.2 

.30 

ix 

4.31 

1.29 

.29 

26 

6.8 

.26 

xui 

5.01 

1.68 

.33 

25 

9.5 

.38 

xii 

5.22 

1.62 

.31 

48 

26.5 

.55 

X 

6.84 

2^ 

.42 

43 

14.6 

.33 

vi 

7.15 

1.68 

^ 

36 

10.3 

.29 

xiv 

ao3 

3.64 

45 

33 

14.5 

44 

A.D. 

Q«-Qi 

Q 

8V=:  

- 

*Q  =  — 

— 

»v  =  — 

— 

Ay.  2  Med, 

The  table  is  self-explanatory.  Note  the  slight  tendency  for 
subjects  who  rank  high  in  the  number  of  draws  per  trial  to  rank 
low  in  time  per  trial.  The  average  of  the  average  numbers  of 
draws  per  trial  for  the  first  seven  subjects  listed  is  3.64  and 
the  average  of  their  median  times  per  trial  is  21.5  seconds.  The 
corresponding  averages  for  the  last  seven  subjects  listed  are  5.83 
draws  and  16.9  seconds.  The  correlation  between  these  two  lists 
of  averages  is  — .I05.'  The  variations  in  time  and  in  number 
of  draws  per  trial  do  not,  therefore,  tend  to  show  any  cumulative 
effect  upon  the  relative  values  of  trials  in  the  work  of  different 
subjects.  Moreover,  the  distribution  of  attention  is  such  as 
largely  to  discount  the  value  of  variations  in  time  and  number 
of  draws  per  trial — especially  the  latter.  It  seldom  occurred  that 
a  subject  attended  carefully  to  all  of  the  draws  in  a  trial  when 
the  initial  number  of  beads  was  higher  than  17  or  18.  One 
portion  of  the  trial  was  usually  regarded  as  crucial  and  the  at- 

^  Rank  method. 
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tention  mainly  directed  upon  that  point  with  the  result  that  all 
but  a  few  of  the  draws  in  the  trial  were  executed  with  only  a 
minimum  of  attention.  If  these  mechanical  draws  were  here 
neglected,  the  variation  in  number  of  draws  per  trial  would  be 
extremely  slight,  and  the  time  variations  would  actually  tend  to 
compensate  for  the  variations  in  the  number  of  draws  per  trial/ 
Again,  after  the  longer  pauses,  subjects  frequently  came  back 
to  the  work  declaring  that  they  had  permitted  their  minds  to 
wander  in  the  pursuit  of  irrelevant  associations.  The  comments 
of  subjects  indicate  that  such  distractions  occurred  rather  fre- 
quently. If  these  distractions  are  to  be  regarded  as  indications 
of  a  low  degree  of  attention,  we  have  here  another  case  of  an 
inverse  or  compensating  relationship  between  variations  in  dif- 
ferent aspects  of  the  trial.  Such  practice  value  as  the  mechani- 
cal draws  may  have  possessed  was  perhaps  completely  offset  by 
their  distracting  effect  upon  attention  to  points  which  were  re- 
garded as  crucial.  At  any  rate  this  was  the  spontaneous  verdict 
of  a  number  of  the  subjects. 

The  variability  of  trials  within  Series  1-2  is  typical  of  that  in 
all  later  series  in  which  any  considerable  difficulty  was  encount- 
ered. There  was  no  great  variation  in  the  average  length  and 
duration  of  trials  from  series  to  series.  In  the  later  series — 
especially  those  which  were  presented  late  in  any  group  of  series 
of  the  same  order- — ^there  were  generally  fewer  draws  per  trial, 
knd  attention  tended  to  be  more  evenly  distributed  among  the 
various  draws  of  the  trial,  though  mechanical  draws  practically 
always  appeared  in  any  series  where  the  number  of  draws  per 
trial  ran  high.  The  average  time  per  trial  required  by  Subjects 
1  to  X  inclusive  in  some  of  the  more  difficult  series,  is  given  in 
Table  II.  The  series  reported  in  this  table  represent  approxi- 
mately two-thirds  of  all  trials  of  these  subjects  in  the  entire 
experiment. 

7  This  compensating  relation  in  the  variations  of  time  and  number  of 
draws  per  trial  is  not,  of  course,  found  in  the  trials  upon  higher  as  com- 
pared with  those  upon  lower  numbers  of  a  series  in  the  work  of  the  same 
subject.  Here  the  time  per  trial  usually  varies  directly  with  the  number  of 
draws  though  not  in  the  same  proportioa  But  even  here  it  is  doubtful 
whether  the  longer  trials  are  of  more  value  than  the  shorter  ones,  owing 
to  the  presence  and  distracting  effect  of  the  more  mechanical  draws. 


Digitized  by 


Google 


22  JOHN  C.  PETERSON 

Tabu  II 


Series 

No.  Trials 

Av.  Time  per  Trial" 
(in  seconds) 

AJD.       - 

V. 

1-2 

2060 

24.09 

S^ 

43 

2-3 

647 

42.72 

10.68 

'2S 

2  or  6 

360 

43.15 

23.69 

.55 

I  or  4 

423 

38.42 

14." 

■37 

2  or  7 

265 

42.19 

2.94 

J07 

8  These  averages  and  derviadons  are  those  of  all  trials  in  a  series  without 
regard  to  the  average  time  per  trial  of  individual  subjects. 

There  is  a  general  tendency  for  subjects  to  exercise  a  little 
more  caution  after  the  solution  of  one  or  two  series  than  at  first. 
This  accounts  for  the  marked  increase  in  the  average  time  per 
trial  in  Series  2-3  as  compared  with  that  of  Series  1-2.  In  the 
last  four  series  listed  the  uniformity  of  the  average  time  per 
trial  is  fair,  but  the  deviations  are  large.  However,  it  should 
not  be  overlooked  that  in  the  more  important  matter  of  d^^ee 
and  distribution  of  attention  the  variability,  though  not  sus- 
ceptible to  quantitative  statement,  is  undoubtedly  much  less 
marked,  and  that  the  variations  in  one  aspect  of  a  trial  often 
tend  to  compensate  for  these  in  other  aspects.  On  the  whole, 
it  is  safe  to  say,  the  trial  in  the  present  experiment  is  not  less 
uniform  than  the  units  of  measurement  regularly  employed  in 
studies  on  maze  learning.  Its  uniformity  is  probably  far  greater 
than  that  of  the  trials  in  certain  experiments  in  ball-tossing, 
from  which  curves  of  learning  have  been  plotted  and  conclusions 
of  far-reaching  consequence  drawn. 

B.     Changes  in  the  Rate  and  Character  of  Progress 

The  progress  of  the  ten  subjects  of  our  major  group,  who 
solved  all  of  the  series  of  problems,  can  be  traced  in  Table  III. 
The  series  of  problems  are  listed  at  the  left  in  the  first  column. 
Following  each  series  are  the  records  of  the  work  of  individual 
subjects  upon  it.  In  columns  P  and  E  are  given  the  number  of 
problems  (i.e.  of  diflFerent  numbers  within  a  series)  which  are 
solved  and  the  number  of  errors  made  in  arriving  at  a  general 
solution  of  the  series.    The  time  is  given  in  seconds. 
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Table  III 
Progress  of  Subjects  through  all  Series  of  Problems 


Subject  i 

Subject  ii» 

Subject  iii 

Series 

P 

E  Trials  Time 

P 

E 

Trials  Time 

P 

E  Trials 

Time 

1-2 

10 

24 

48 

1716 

12 

8 

35 

1572 

12 

5 

28 

464 

1-3 

4 

0 

7 

247 

9 

4 

23 

585 

5 

I 

10 

120 

1-4 

5 

5 

14 

124 

0 

0 

0 

0 

0 

0 

0 

0 

1-5 

0 

0 

0 

19 

0 

0 

0 

0 

0 

0 

0 

0 

2-3 

22 

II 

44 

1661 

8 

3 

17 

507 

II 

I 

25 

427 

2-4 

0 

0 

0 

ID 

4 

0 

4 

215 

28 

13 

84 

1685 

2-5 

0 

0 

0 

0 

0 

0 

0 

38 

16 

13 

60 

"IS 

2-6 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

32 

3-4 

0 

0 

0 

165 

0 

0 

0 

S3 

0 

0 

0 

15 

3-5 

0 

0 

0 

123 

0 

0 

0 

0 

0 

0 

0 

0 

4-5 

0 

0 

0 

215 

0 

0 

0 

SO 

0 

0 

0 

45 

I  or  3 

4 

— 

4 

667 

8 

— 

8 

269 

7 

— 

II 

"5 

I  or  5 

12 

— 

13 

1387 

2 

— 

3 

118 

6 

— 

13 

173 

I  or  7 

0 

— 

0 

54 

0 

— 

0 

36 

4 

— 

5 

62 

2  or  6 

17 

— 

21 

2483 

3 

— 

3 

178 

15 

— 

30 

618 

2  or  10 

0 

— 

0 

483 

4 

— 

4 

201 

12 

— 

18 

289 

3  or  9 

7 

— 

6 

381 

5 

— 

6 

437 

0 

— 

0 

65 

4  or  12 

0 

— 

0 

120 

0 

— 

0 

193 

0 

— 

0 

14 

I  or  4 

4 

I 

8 

492 

12 

15 

38 

2701 

20 

6 

47 

757 

I  or  6 

0 

0 

0 

46 

24 

I 

47 

4076 

14 

I 

29 

467 

I  or  8 

0 

0 

0 

23 

II 

I 

19 

(536 

0 

0 

0 

193 

2  or  5 

0 

0 

0 

34 

II 

0 

14 

606 

6 

0 

9 

361 

2  or  7 

0 

0 

0 

32 

12 

0 

15 

644 

16 

I 

19 

835 

2  or  8 

0 

0 

0 

342 

0 

0 

0 

164 

2  or  9 

0 

0 

0 

78 

II 

0 

15 

647 

0 

0 

0 

55 

3  or  7 

0 

0 

0 

35 

0 

0 

0 

80 

3  or  8 

0 

0 

0 

21 

II 

0 

15 

664 

0 

0 

0 

27 

4  or  9 

0 

0 

0 

38 

0 

0 

0 

310 

0 

0 

0 

90 

4  or  II 

40 

365 

25 

5  or  II 

30 

230 

62 

General  solution 

for  all 

series 

; 

155 

533 

70 

Total 

85 

41 

165 

11215 

147 

32 

266 

1S864 

172 

41 

388 

8425 

*  Series  2  or  8  and  3  or  7  were  accidentally  left  out  of  the  experiment  with 
this  subject. 
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Table  III  (Continued) 


Subject  i\ 

r 

Subject 

V 

Subject  vi 

Series 

P 

E  Trials  Time 

P 

E 

Trials  Time 

P 

ETriah 

Time 

1-2 

II 

55 

96 

2205 

13 

23 

62 

2834 

27 

221 

331 

7934 

1-3 

12 

13 

35 

704 

8 

I 

15 

363 

II 

6 

30 

265 

1-4 

lO 

6 

27 

449 

2 

0 

3 

33 

2 

0 

4 

54 

1-5 

6 

0 

10 

87 

0 

0 

0 

9 

0 

0 

0 

40 

1-6 

14 

0 

24 

241 

0 

0 

0 

0 

0 

0 

0 

0 

1-7 

8 

0 

14 

157 

0 

0 

0 

0 

0 

0 

0 

0 

1-8 

o 

0 

0 

315 

0 

0 

0 

0 

0 

0 

0 

0 

2-3 

13 

16 

44 

1800 

21 

19 

71 

4566 

15 

5 

30 

709 

2-4 

6 

I 

13 

279 

13 

7 

39 

8S>4 

I 

0 

I 

268 

2-5* 

0 

0 

0 

30 

0 

0 

0 

54 

0 

0 

0 

0 

3-4 

o 

0 

0 

25 

0 

0 

0 

17 

I 

0 

0 

205 

3-5 

o 

0 

0 

0 

0 

0 

0 

28 

0 

0 

0 

74 

4-5 

0 

0 

0 

26 

0 

0 

0 

10 

0 

0 

0 

75 

I  or  3 

7 

— 

17 

180 

4 

— 

4 

52 

10 

— 

10 

237 

I  or  5 

5 

— 

9 

no 

10 

— 

18 

377 

14 

— 

18 

503 

I  or  7 

2 

— 

3 

33 

10 

— 

14 

269 

13 

— 

14 

235 

2  or  6 

27 

— 

45 

1818 

33 

— 

46 

1189 

24 

— 

36 

821 

2  or  10 

6 

— 

II 

546 

25 

— 

32 

916 

II 

— 

14 

262 

3  or  9 

4 

— 

6 

ISI 

0 

— 

0 

72 

13 

— 

13 

258 

4  or  12 

o 

— 

0 

75 

0 

— 

0 

165 

9 

— 

8 

142 

I  or  4 

12 

7 

26 

430 

13 

3 

21 

392 

19 

I 

31 

484 

I  or  6 

13 

5 

24 

1006 

23 

5 

47 

1657 

6 

0 

8 

147 

I  or  8 

0 

0 

0 

58 

16 

5 

28 

984 

2 

0 

2 

66 

2  or  5 

o 

0 

0 

152 

8 

0 

8 

427 

16 

2 

21 

346 

2  or  7 

8 

0 

14 

590 

21 

2 

34 

1631 

6 

0 

6 

145 

2  or  8 

2 

0 

2 

333 

7 

0 

10 

527 

3 

0 

4 

75 

2  or  9 

o 

0 

0 

58 

10 

0 

15 

993 

0 

0 

0 

66 

3  or  7 

17 

6 

33 

1526 

0 

0 

0 

28s 

8 

0 

10 

159 

3  or  8 

0 

0 

0 

600 

0 

0 

0 

192 

3 

0 

2 

58 

4  or  9 

o 

0 

0 

604 

0 

0 

9 

40 

0 

0 

0 

165 

4  or  II 

820 

85 

65 

5  or  II 

55 

290 

35 

General  solution 

for  all  series 

8610 

I2ld* 

280 

Totol 

183 

109 

453 

23794 

227 

65 

457 

20561 

214 

235 

594 

14173 
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TAsa.r.  Ill 

(Continued) 

t 

Subject 

vii 

Subject  viii 

Subject  ix 

Series 

P 

E  Trials  Time 

P 

E 

Trials  Time 

P 

E  Trials 

Time 

1-2 

19 

182 

371 

6659 

IS 

90 

168 

2591 

28 

187 

315 

6129 

1-3 

12 

3 

23 

754 

12 

24 

56 

684 

6 

4 

16 

244 

1-4 

5 

0 

8 

207 

10 

8 

30 

294 

2 

0 

3 

23 

1-5 

o 

0 

0 

15 

I 

0 

2 

23 

I 

0 

2 

52 

1-6 

o 

0 

0 

0 

0 

0 

0 

15 

4 

0 

9 

"5 

1-7 

o 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

6 

2-3 

i8 

I 

25 

1827 

69 

27 

167 

5408 

42 

25 

119 

5859 

2-4 

9 

0 

13 

1047 

35 

9 

71 

2679 

25 

4 

53 

1956 

2-5 

0 

0 

0 

28 

15 

0 

20 

500 

10 

I 

15 

295 

2-6 

o 

0 

0 

0 

2 

0 

2 

59 

0 

0 

0 

35 

2-7 

o 

0 

0 

0 

0 

0 

0 

9 

0 

0 

0 

0 

3-4 

8 

0 

12 

301 

19 

4 

41 

699 

9 

0 

10 

155 

3-5 

0 

0 

0 

63 

3 

0 

4 

75 

6 

0 

9 

118 

3-6 

19 

I 

30 

3"5 

0 

0 

0 

13 

0 

0 

0 

20 

3-7 

0 

0 

0 

21 

0 

0 

0 

0 

0 

0 

0 

0 

4-5 

o 

0 

0 

12 

0 

0 

0 

21 

0 

0 

0 

0 

I  or  3 

6 

— 

12 

372 

24 

— 

33 

1067 

17 

— 

36 

IIOI 

I  or  5 

8 

— 

II 

327 

19 

— 

24 

870 

5 

— 

II 

195 

I  or  7 

o 

— 

0 

6 

3 

— 

4 

76 

I 

— 

2 

52 

2  or  6 

19 

— 

19 

2427 

23 

— 

38 

1268 

51 

— 

108 

4189 

2  or  ID 

7 

— 

16 

979 

29 

— 

34 

755 

17 

— 

20 

489 

3  or  9 

0 

— 

0 

60 

19 

— 

20 

309 

14 

— 

18 

680 

4  or  12 

o 

— 

0 

80 

0 

— 

0 

52 

0 

— 

0 

87 

I  or  4 

14 

I 

22 

1583 

24 

2 

39 

877 

37 

41 

154 

7230 

I  or  6 

12 

I 

19 

4691 

12 

0 

16 

303 

14 

0 

24 

1318 

I  or  8 

0 

0 

0 

30 

0 

0 

0 

40 

14 

0 

21 

947 

2  or  5 

.  II 

2 

20 

728 

24 

8 

46 

1441 

II 

I 

19 

758 

2  or  7 

7 

0 

12 

614 

48 

12 

86 

3702 

12 

3 

27 

966 

2  or  8 

7 

0 

13 

954 

9 

2 

14 

263 

9 

2 

13 

446 

2  or  9 

8 

0 

10 

1 102 

12 

I 

15 

271 

10 

0 

15 

660 

3  or  7 

'  7 

2 

13 

293 

26 

2 

34 

677 

10 

0 

21 

360 

3  or  8 

8 

0 

8 

678 

II 

0 

14 

369 

10 

0 

17 

369 

4  or  9 

4 

0 

5 

828 

8 

0 

9 

278 

II 

I 

22 

589 

4  or  n 

455 

690 

240 

5  or  II 

1 105 

910 

150 

General  solution 

for  all  series 

4980 

7740* 

Totol 

208 

193 

662 

36341 

472 

189 

987 

29708 

376 

269 

1970 

43753 
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Table  III  (Continued) 


Subject  X 


Series 

P 

E 

Trials 

Time 

Series 

P    E 

Trials 

Time 

1-2 

47 

313 

597 

17538 

2  or  10 

7    — 

7 

233 

1-3 

i6 

3 

45 

1 122 

3  or  9 

27    — 

28 

980 

1-4 

2 

0 

0 

136 

4  or  12 

9    — 

8 

514 

i-S 

o 

0 

0 

0 

I  or  4 

19    II 

37 

1306 

2-3 

36 

16 

105 

4881 

I  or  6 

22    14 

49 

1421 

2-4 

15 

0 

26 

728 

I  or  8 

26           5 

36 

1973 

2-5 

3 

0 

2 

77 

2  or  5 

14     3 

21 

1016 

2-6 

0 

0 

0 

0 

2  or  7 

35     4 

50 

1922 

3-4 

37 

0 

40 

240 

2  or  8 

9     0 

12 

377 

3-5 

I 

0 

0 

230 

2  or  9 

I     0 

0 

118 

3-6 

10 

0 

12 

444 

3  or  7 

19     I 

21 

968 

317 

0 

0 

0 

28 

3  or  8 

12     I 

14 

548 

4-5. 

II 

0 

10 

570 

4  or9 

12     2 

18 

485 

5^ 

0 

0 

0 

SO 

4  or  II" 

327 

I  or 

3 

21 

10 

23 

858 

5  or  II 

193 

I  or 

5 

8 

— 

10 

466 

General 

solution 

I  or 

7 

3 

— 

4 

225 

for  all 

series 

i960* 

2  or 

6 

13 

— 

14 

545 

Totals 

435   373 

1 192 

42470 

The  most  striking  feature  of  these  figures  is  the  great  ir- 
regularity in  the  number  of  trials,  the  time  required,  etc.,  for 
the  solution  of  various  problems.  Note  the  relatively  large  num- 
ber of  trials  required  in  Series  1-2,  and  the  rapid  decrease  in  the 
number  of  trials  in  successive  series  of  the  first  order.^*  The 
same  sort  of  change  is  found  in  series  of  the  second  order  and, 
to  some  extent,  in  all  higher  orders  of  the  continuous  series  as 
well  as  in  those  of  the  discontinuous  series.  These  r^fular  and 
more  or  less  gradual  changes  are  due  in  part  to  the  separate 
mastery  of  numerous  relatively  isolated  though  often  poorly 
defined  "elements"  of  the  problematic  situation ;  in  part  they  are 
due  to  a  gradual  definition  and  development  of  larger  and  more 
complex  units  in  the  form  of  concepts  arid  general  principles.^* 

^®No  errors  are  possible  in  those  series  where  blanks  appear  in  the 
error  column. 

^^Subjects  were  required  to  work  Series  4  or  11  and  5  or  11  "mentally." 

*  These  subjects  failed  to  find  a  general  solution  for  all  series  in  the  time 
at  their  disposal. 

i^The  order  to  which  a  series  belongs  is  determined  by  the  value  of  L. 
In  series  of  the  first  order  L  is  i ;  in  those  of  the  second  order  L  is  2,  etc. 

i«Any  aspect  or  isolable  portion  of  the  objective  situation  and  any  rela- 
tionship between  such  portions  or  aspects  is  here  regarded  as  an  element 
of  the  problem. 
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These  gradual  changes  are  sometimes  obscured  by  irregular  and 
often  extremely  abrupt  changes  arising  from  various  causes, 
such  as,  distraction  of  attention,  sudden  utilization  of  old  con- 
cepts, monotony,  fatigue,  rest,  elimination  of  erroneous  assump- 
tions, change  of  methods,  etc. 

The  more  striking  irregularities  in  the  rate  of  progress  are 
shown  in  graphic  form  in  Figure  I.  The  number  of  trials  and 
the  amount  of  time  required  as  well  as  the  number  of  errors 
made  by  each  of  the  ten  subjects  in  various  series  and  groups  of 
series,  is  represented  by  the  columns  in  the  figure.  The  series 
and  groups  of  series  represented  in  the  figure  are  indicated  at 
the  left.  The  subjects  are  designated  by  the  numerals  at  the  base 
of  columns. 

This  irregularity  is  in  some  degree  illusory  owing  to  the 
failure  of  some  bonds  in  the  early  stages  of  their  development 
to  register  their  effect  in  terms  of  those  particular  overt  responses 
which  were  taken  into  dccount  in  the  score.  That  bonds  do 
begin  to  develop  long  before  their  effect  is  apparent  in  the  crude 
score,  is  evident  from  the  comment  of  subjects,  the  comparative 
length  of  delays,  incipient  reactions,  etc.,  some  of  which  are  in- 
cluded in  the  detailed  records  and  will  be  noted  later.  Further 
evidence  of  the  inadequacy  of  any  one  sort  of  measure  to  regis- 
ter all  of  the  changes  in  the  strength  of  bonds,  is  found  in  the 
relation  between  the  time,  the  errors,  and  the  number  of  trials 
involved  in  the  solution  of  successive  series  of  problems.  In 
Figure  I  the  number  of  errors  made  and  the  amount  of  time 
consumed  in  the  solution  of  the  problems  in  each  section  of  the 
figure  are  shown  by  the  relative  height  of  the  first  and  third 
columns  respectively.  Observe  that  in  every  case  in  Series  1-2 
the  error  column  is  higher  than  the  time  column,  and  that  there 
is  a  somewhat  gradual  shifting  in  the  relative  height  of  these 
columns  so  that- in  the  last  group  of  series  the  time  column  is 
in  every  case  higher  than  the  error  column.**    This  change  is  to 

^*  The  relation  between  the  trial  column  and  the  time  and  error  columns  in 
Series  1-2  and  in  the  last  group  of  series,  is  worthy  of  note.  In  every  case 
but  one  the  height  of  the  trial  column  is  intermediate  between  that  of  the 
other  two  columns.  The  measurement  of  progress  in  terms  of  trials  there- 
fore takes  special  account  of  the  conflicting  claims  of  tiihe  and  errors  where 
the  conflict  is  greatest. 


Digitized  by 


Google 


JOHN  C.  PETERSON 


"^'^^'It      m     S     TP^aji    -jjx    Tffa    -j^i^^^^j;^^ 


Figure  I.-— The  Roman  numerals  at  the  base  of  the  columns  of  the  lowest 
section  represent  the  various  subjects  of  Group  I,  who  solved  all  series.  The 
height  of  the  middle  column  for  each  subject  represents  the  number  of 
trials  required  by  him  for  the  solution  of  the  problems  indicated  by  the  num- 
ber at  the  left.  The  trial  columns  are  all  directly  comparable.  The  num- 
ber of  errors  made  and  the  amount  of  time  required  by  each  subject  are 
represented  by  his  iirst  and  third  columns  respectively.  The  time  and  error 
columns  are  drawn  to  such  a  scale  for  each  subject  as  to  make  their  total 
length  for  all  series  equal  to  the  total  length  of  the  trial  colunms  of  that 
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some  extent  influenced  by  increased  caution,  as  is  shown  by  the 
lengthened  average  time  per  trial  in  the  later  series  as  compared 
with  the  first  series;  but  it  is  due  mainly  to  the  fact  that  per- 
formance represents  a  distinctly  lower  plane  of  learning  here 
than  does  formulation.  It  is  a  little  surprising  to  find  this  rela- 
tion between  power  of  performance  and  power  of  formulation 
here  in  view  of  the  simplicity  and  definiteness  of  the  terms  which 
are  required  for  formulation.  It  is  possible  that  if  success  were 
to  demand  a  high  speed  of  reaction,  as  is  generally  the  case  in 
acts  of  skill  and  to  a  large  extent  in  practical  thinking,  this  re- 
lationship would  tend  to  disappear.  However,  with  the  time 
allowed  for  each  reaction  limited  only  by  his  patience,  the  sub- 
ject is  usually  able  to  respond  correctly  while  he  is  yet  tmable 
to  foretell  the  correct  response  in  the  absence  of  the  appropriate 
concrete  situation  or  to  say  why  the  response  is  correct  when 
made.  This  disparity  in  power  of  performance  and  power  of 
formulation  as  well  as  some  of  the  more  striking  cases  of  change 
in  speed  of  progress,  both  of  the  regular  and  of  the  irregular 
sort,  will  receive  more  special  attention  in  later  sections. 

The  principal  features  of  the  progress  from  series  to  series 
are  duplicated  in  the  progress  from  problem  to  problem  in  some 
of  the  more  novel  series.  There  are,  however,  some  important 
differances.  Series  1-2  being  the  first  and  most  novel  series  il- 
lustrates the  natural  progress  from  problem  to  problem  better 
than  do  any  of  the  later  ones.  The  prepress  of  the  fourteen 
subjects  of  the  major  group  through  the  problems  of  this  series, 


particular  subject  They  are  thus  directly  comparable  with  one  another  and 
with  the  trial  columns  of  the  same  subject.  But  the  error  and  time  columns 
of  different  subjects  are  not  directly  comparable. 

The  numbers  at  the  left  represent  various  series  and  groups  of  series  of 
problems  as  follows  : 

1.  Series  1-2. 

2.  All  later  continuous  series  in  which  L  is  i. 

3.  Series  2-3. 

4.  All  later  continuous  series  in  which  L  is  2. 

5.  All  continuous  series  in  which  L  is  3  or  greater. 

6.  All  discontinuous  series  from  Series  i  or  3  to  Series  4  or  12  inclusive 

7.  Series  i  or  4. 

8.  All  remaining  discontinuous  series. 
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is  shown  in  Table  IV.  The  problems  of  the  series  are  listed  at 
the  left  in  the  column  headed  "Initial  No.  of  Beads."  The  num- 
ber of  trials  and  of  seconds  required  by  each  subject  for  the  so- 
lution of  each  problem  are  listed  in  self-explanatory  form. 

The  errors  are  not  included  in  this  table  but  their  number  is 
roughly  proportional  to  the  number  of  trials  per  problem  except 
in  the  critical  numbers,  where  no  errors  are  possible.  Certain 
points  of  difficulty  for  various  subjects  are  revealed  by  the  large 
number  of  trials  and  the  amount  of  time  required  for  the  solution 
of  some  of  the  problems.  Such  points  of  unusual  difficulty  are 
found  in  the  record  of  Subject  iv  at  lo  beads,  in  that  of  Subject 
i  at  II  beads,  and  in  that  of  Subject  vi  at  25  beads,  etc.  Some- 
times the  troublesome  problems  are  so  distributed  as  to  suggest 
delnite,  regularly  recurring  types  of  difficulty.  This  is  illustrated 
in  the  record  of  Subject  vi  where  numbers  which  are  equal  to  i 
plus  any  multiple  of  3  offer  greater  difficulty  than  those  which 
are  equal  to  2  plus  a  multiple  of  3.  Problems  of  the  former 
type  will  be  referred  to  as  L-problems  and  those  of  the  latter  type 
as  H-problems.  It  will  be  noticed  that  the  L-problems  from  7 
to  22  inclusive  required  72  trials  for  their  solution  whereas  the 
H-problems  from  8  to  23  inclusive  required  only  25  trials.  The 
solution  of  25  beads  which  is  an  L-problem,  required  but  6  trials. 
Only  in  two  instances  did  this  subject  solve  an  L-problem  with 

Table  IV.— Peogress  of  Subjects  through  Series  1-2 

Initial  No.    Subj.  i  Subj.  ii  Subj.  iii  Subj.  iv  Subj.  v 

of  Beads  Trials  Time    Trials  Time    Trials  Time    Trials  Time    Trials  Time 


4 

2 

21 

2 

29 

3 

42 

4 

32 

2 

20 

5 

2 

13 

2 

29 

2 

24 

4 

28 

2 

17 

6 

4 

48 

2 

35 

3 

36 

3 

44 

2 

32 

7 

2 

25 

2 

97 

3 

27 

7 

117 

6, 

89 

8 

4 

59 

3 

96 

4 

56 

4 

79 

4 

78 

9 

5 

86 

3 

70 

I 

21 

9 

148 

II 

240 

10 

5 

104 

2 

79 

3 

SO 

50 

1151 

7 

256 

II 

18 

719 

6 

375 

3 

81 

4 

152 

II 

577 

12 

4 

102 

3 

112 

2 

42 

0 

15 

2 

117 

13 

4 

539 

2 

143 

2 

32 

8 

270 

3 

106 

14 

0 

0 

7 

355 

2 

29 

3 

169 

7 

647 

15 

0 

0 

I 

152 

0 

24 

0 

0 

2 

252 

16 

0 

0 

0 

0 

0 

0 

0 

0 

3 

406 

Total 

48 

1716 

35 

1572 

28 

464 

96 

2205 

62 

2834 
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Table  IV  (Continued) 

Initial  No.   Subj.  x  Subj.  ix  Siibj.  vi  Subj.  vii        Subj.  viii 

of  Beads  Trials  Time    Trials  Time    Trials  Time    Trials  Time    Trials  Time 


4 

4 

35 

4 

22 

2 

4 

4 

40 

2 

15 

5 

4 

42 

2 

14 

2 

4 

4 

68 

2 

21 

6 

4 

94 

9 

85 

8 

33 

22 

190 

7 

60 

7 

4 

62 

3 

25 

II 

87 

74 

533 

2 

16 

8 

4 

77 

3 

25 

5 

46 

4 

35 

4 

36 

9 

17 

292 

4 

35 

7 

56 

12 

343 

8 

88 

10 

8 

108 

4 

44 

5 

45 

48 

664 

15 

158 

II 

24 

339 

68 

822 

6 

68 

II 

145 

32 

395 

12 

28 

423 

15 

192 

8 

86 

26 

335 

18 

193 

13 

100 

2067 

6 

94 

15 

211 

12 

156 

33 

559 

14 

9 

204 

76 

1455 

2 

30 

18 

257 

24 

551 

15 

44 

1229 

3 

54 

7 

lOI 

36 

590 

12 

264 

16 

48 

1 165 

88 

1799 

10 

151 

II 

237 

3 

104 

17 

48 

1220 

3 

126 

7 

108 

21 

428 

3 

91 

18 

15 

369 

3 

76 

5 

84 

16 

567 

3 

40 

19 

21 

687 

3 

135 

26 

468 

7 

202 

0 

0 

20 

21 

446 

2 

72 

3 

42 

24 

5d8 

21 

3 

58 

I 

47 

10 

154 

2 

265 

167 

2591 

22 

38 

1054 

4 

248 

5 

76 

9 

1064 

^ 

3 

^ 

2 

82 

2 

28 

24 

6 

154 

2 

34 

7 

123 

371 

6659 

25 

5 

121 

2 

137 

156 

5061 

26 

3 

78 

2 

84 

6 

126 

27 

8 

264 

I 

48 

10 

450 

Subj 

i.  X  (Continued) 

28 

2 

68 

2 

114 

4 

100 

No.  of  Beads 

Trials 

Time 

29 

9 

262  . 

2 

152 

2 

32 

41 

2 

100 

30 

5 

141 

0 

19 

0 

'  157 

42 

2 

114 

31 

10 

337 

I 

87 

0 

0 

43 

7 

480 

32 

6 

244 

0 

0 

44 

3 

237 

33 

10 

32s 

331 

7934 

45 

0 

IIIO 

34 

5 

181 

315 

6129 

46 

18 

1212 

35 

2 

95 

47 

2 

151 

36 

5 

187 

48 

0 

19 

37 

17 

696 

49 

6 

467 

38 

2 

77 

50 

4 

400 

39 

3 

151 

40 

7 

284 

597 

17538 
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Table  IV 

(Continued) 

Initial  No. 

Subj. 

xiv 

Subj. 

xii 

Subj. 

xiii 

Subj. 

xi 

of  Beads 

Trials 

Time 

Trials 

Time 

Trials 

Time 

rrials  ' 

Time 

4 

4 

18 

2 

17 

2 

16 

2 

? 

5 

4 

42 

2 

9 

3 

13 

3 

40 

6 

3 

59 

5 

58 

5 

49 

I 

31 

7 

3 

44 

6 

69 

4 

26 

2 

25 

8 

5 

86 

7 

137 

3 

22 

2 

SI 

9 

II 

124 

8 

99 

6 

49 

I 

33 

10 

24 

352 

17 

295 

8 

63 

7 

182 

II 

36 

568 

4 

116 

30 

338 

8 

225 

12 

12 

123 

9 

156 

38 

481 

2 

53 

13 

4 

52 

II 

250 

2 

31 

13 

419 

H 

2 

14 

28 

1016 

4 

89 

2 

S3 

IS 

10 

131 

7 

256 

6 

IP3 

I 

8 

i6 

5 

93 

39 

1622 

10 

183 

2 

^ 

17 

14 

230 

5 

393 

3 

38 

2 

57 

i8 

10 

150 

0 

127 

5 

125 

0 

41 

19 

4 

16 

5 

253 

2 

38 

3 

83 

20 

9 

254 

4 

211 

7 

217 

2 

55 

21 

12 

218 

0 

63 

2 

96 

0 

60 

22 

5 

78 

4 

170 

5 

132 

0 

0 

23 

7 

152 

2 

97 

2 

105 

— 

24 

3 

51 

0 

2 

2 

108 

53 

1481 

25 

13 

295 

3 

"4 

4 

132 

26 

2 

38 

2 

65 

2 

70 

^ 

4 

68 

0 

I 

2 

216 

28 

7 

146 

2 

152 

3 

87 

29 

2 

37 

2 

58 

2 

T(> 

30 

3 

62 

0 

88 

I 

^ 

31 

14 

355 

2 

91 

3 

136 

32 

6 

214 

2 

74 

0 

0 

33 

2 

68 

0 

22 

34 

25 

758 

2 

49 

166 

3066 

35 

2 

74 

2 

39 

36 

2 

12 

0 

5 

Subj. 

xiv  (Continued) 

37 

23 

793 

2 

106 

No.  Beads  Trials  Time 

38 

5 

117 

0 

0 

50 

3 

81 

39 

0 

I 

4 

2 

XX 

40 

7 

373 

184 

6283 

5 

2 

9 

41 

3 

134 

6 

0 

2 

42 

I 

97 

7 

5 

84 

43 

18 

678 

8 

4 

47 

44 

2 

60 

9 

I 

16 

45 

0 

4 

10 

3 

23 

46 

4 

149 

II 

3 

58 

47 

4 

148 

12 

0 

3 

48 

0 

6 

13 

2 

14 

49 

4 

116 

14 
15 
16 

17 

2 
0 

2 
2 

17 

I 

9 

24 

367 

8171 
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fewer  trials  than  were  required  for  the  preceding  H-problem. 
A  total  of  236  trials  was  required  for  the  solution  of  9  L-prob- 
lems  and  only  35  for  9  H-problems.  Subject  x  required  296 
trials  for  the  solution  of  the  L-problems  of  this  series  and  only 
146  for  an  equal  number  of  H-problems.  Subject  xiv  experi- 
enced a  change  in  the  type  of  difficulty  at  about  the  middle  of 
the  series.  The  L-problems  from  7  to  22  inclusive  required  only 
45  trials  whereas  the  H-problems  from  8  to  23  inclusive  required 
73  trials.  But  from  this  point  to  44  beads  the  L-problems  be- 
came the  more  difficult,  requiring  107  trials  as  compared  with  th^ 
22  trials  required  for  the  solution  of  an  equal  number  of  H-prob- 
lems in  this  portion  of  the  series.  A  similar  change  in  the  type 
of  difficulty  occurs  in  the  record  of  subject  vii.  The  L-problems 
below  12  required  126  trials  while  the  H-problems  were  solved 
in  19  trials.  Yet  the  numbers  of  trials  required  for  the  solution 
of  an  equal  number  of  L-  and  H-problems  above  this  point  were 
30  and  83  respectively. 

The  principal  causes  of  these  irregularities  are  found  to  be 
false  assumptions;  erroneous  generalizations,  founded  usually 
upon  very  incomplete  analysis ;  uncritical  applications  of  methods 
and  generalizations  from  preceding  problems,  and,  in  some  of  the 
extreme  cases,  monotony  and  fatigue.  Some  of  these  irregulari- 
ties will  be  considered  at  greater  length  in  later  sections  on  gen- 
eralization and  transfer. 

Another  noteworthy  feature  of  the  progress  of  most  of  the 
subjects  through  the  problems  of  Series  1-2  is  the  low  number  of 
trials  upon  the  early  and  the  late  problems  of  the  series  as  com- 
pared with  the  number  of  trials  required  for  the  solution  of  some 
of  the  intermediate  problems.  The  extent  to  which  this  feature 
characterizes  the  work  of  various  subjects  is  shown  in  Figure  H. 
The  number  of  trials  is  represented  on  the  abscissae  and  the  num- 
ber of  problems  solved — or  recognized  as  insoluble  in  case  of 
the  critical  numbers — is  represented  on  the  ordinates.  Note  that 
with  the  exception  of  the  curve  of  Subject  lii,  all  curves  show 
a  period  of  relatively  rapid  advancement  followed  by  one  of 
slower  progress,  after  which  a  final  period  of  rapid  progress 
terminates  with  a  successful  generalization  for  the  entire  series. 
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The  three  stages  in  the  learning  process  represented  by  these 
features  of  the  curves  are  also  clearly  indicated  by  the  behavior 
of  the  subjects  and  by  their  comments.    The  period  of  rapid  ini- 
tial rise  of  the  curves  was  obviously  a  period  of  perceptual  solu- 
tions.    During  the  intermediate  period  of  slower  advancement 
the  abstraction  of  significant  elements  of  the  problematic  situa- 
tion occupied  the  greater  portion  of  the  energies  of  the  subjects. 
Some  combination  among  these  elements  of  course  occurred  im- 
mediately, but  it  was  not  imtil  after  considerable  experience  with 
the  separate  elements  that  most  subjects  were  able  to  combine 
and  organize  them  into  effective  means  of  control,  capable  of 
altering  markedly  the  direction  of  the  curve  and  leading  speedily 
to  a  satisfactory  generalization  for  the  entire  series.    The  types 
of  mental  process  which  in  some  degrees  dominated  these  various 
stages  of  learning  may  profitably  be  treated  separately  in  the 
three  following  sections. 

C.  Perceptual  Solutions 
At  the  beginning  pf  Series  1-2  comparatively  few  erroneous 
draws  were  made,  but  the  percentage  of  errors  increased  rapidly 
for  some  time  with  the  increase  in  the  number  of  beads.  This 
increase  in  the  percentage  of  errors  is  shown  in  Table  V.  This 
table  includes  all  of  the  reactions  of  thirteen  subjects  upon  the 
non-critical  numbers  from  4  to  1 1  inclusive. 

Table  V 

Number    of   Beads 4 

Total  Draws  from  each  Number....  222 

Erroneous  Draws  from  each  Number    14 

.  Percentage  of   Errors 64 

Note  the  rapid  increase  in  the  percentage  of  errors  as  the  num- 
ber of  beads  advances  from  4  to  8  and  the  high  but  fluctuating 
percentage  beyond  8.  The  unevenness  of  this  increase  is  also 
worthy  of  note.  From  5  beads  the  percentage  of  erroneous  draws 
is  17.3  per  cent  higher  than  from  4;  from  8  beads  it  is  17.6  per 
cent  higher  than  from  7.  But  the  percentage  of  erroneous  draws 
from  7  is  only  4.1  per  cent  higher  than  from  5  though  the  inter- 
val between  5  and  7  is  twice  as  wide  as  that  between  the  members 
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of  the  other  pairs  of  numbers  compared.  This  difference  is  un- 
doubtedly due  to  the  nature  of  the  errors  which  are  possible  in 
drawing  from  the  different  numbers.  The  only  errors  possible 
in  drawing  from  4  and  from  5  beads  result  in  leaving  2  and  4 
beads  respectively ;  from  7  and  8  the  only  possible  errors  result 
in  leaving  5  and  7  beads  respectively.  Thus  from  the  point  of 
view  of  the  number  of  beads  left  after  an  erroneous  draw  from 
each  of  the  foregoing  numbers,  the  long  intervals  occur  where 
the  change  in  the  percentage  of  errors  is  greatest.  The  change 
in  the  percentage  of  errors  in  the  early  numbers  of  the  series  is 
therefore  apparently  due  to  the  degree  of  ease  with  which  the 
consequences  of  a  given  move  may  be  foreseen  in  a  purely  per- 
ceptual manner.^** 

The  perceptual  character  of  these  early  solutions  is  further 
shown  by  the  behavior  of  the  subjects.  Usually  i  or  2  beads 
were  moved  aside  tentatively  or  otherwise  marked  off  so  that  the 
possible  result  of  further  draws  could  be  directly  perceived.*' 
This  tentative  manipulation  was  purely  a  trial  and  error  affair 
at  first,  as  was  indicated  by  the  constant  shifting  from  one  of 
the  possible  draws  to  another,  as  well  as  by  the  comments  of 
those  subjects  who  mentioned  the  matter  at  all.  Sometimes  both 
hands  were  employed  in  this  sort  of  manipulation,- — one  repre- 
senting the  subject  and  the  other  the  experimenter, — and  so  the 
consequences  of  all  possible  draws  were  figured  out  on  the  per- 
ceptual level.  The  movements  used  to  mark  off,  or  temporarily 
exclude  some  of  the  beads  from  attention,  were  not  always  of  this 
overt  character.  Often  they  became  almost  imperceptible  and 
occasionally  verbal  reactions  served  this  function  even  in  the 
early  stages  of  the  game.  For  some  subjects  these  perceptual 
judgments  were  important  factors  in  the  solution  of  problems 
far  beyond  the  immediate  span  of  attention.    Thus  some  of  the 

^B  The  large  downward  fluctuation  in  the  percentage  of  errors  at  10  offers 
no  serious  difficulty  to  this  view.  This  fluctuation  occurs  where  it  might 
most  reasonably  be  expected;  i.e.,  immediately  after  one  of  the  long  inter- 
vals and  after  the  range  of  direct  perceptual  control  has  been  passed. 

^^If  the  hold  upon  the  beads  thus  tentatively  drawn  aside  was  released 
the  maneuver  was  counted  a  draw;  therefore  the  caution,  and  also  the  diffi- 
culty of  applying  perceptual  checks  upon  the  higher  numbers. 
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subjects,  upon  discovering  late  in  the  game  that  6  or  9  could  not 
be  won,  would  mark  oflf  and  exclude  so  many  beads  from  at- 
tention and  then  proceed  to  solve  the  remaining  numbers  upon 
the  perceptual  level.  But  usually  when  the  number  of  beads  was 
increased  to  beyond  7  or  8,  the  perceptual  form  of  solution  more 
or  less  completely  broke  down. 

The  important  feature  of  these  perceptual  solutions  is  the  fact 
that  all  progress  was  here  made  through  trial  and  error  per- 
ceptually checked  and  entirely  without  the  use  of  symbols  except 
an  occasional  word  used  in  a  very  specific  way.  That  is  to  say, 
there  was  a  conspicuous  absence  of  generalization  in  these  early 
perceptual  solutions,  due  to  the  lack  of  any  necessity  for  the  use 
of  symbols.  As  will  be  seen  later,  the  failure  to  utilize  symbols 
in  these  early  problems  seriously  limited  the  transference  of  con- 
trol from  the  lower  to  the  higher  problems  of  the  series. 

D.    Analysis 

Immediately  following  upon  the  period  of  perceptual  solutions 
there  was  usually  a  period  of  evident  confusion.  Though  sub- 
jects had  been  instructed  at  the  beginning  of  the  series  to  look 
for  underlying  principles,  they  generally  failed  up  to  this  point 
of  the  game  to  see  any  relation  between  problems  and  to  remem- 
ber how  or  understand  why  certain  numbers  had  been  won.  In 
accordance  with  James's  view  that  all  analysis  depends  upon  the 
"law  of  varying  concomitants"  or  upon  the  elements  having 
somehow  previously  been  brought  to  attention  in  isolation,  fur- 
ther progress  here  would  require  either  that  the  solutions  of 
earlier  numbers  be  recalled  and  applied  to  the  problems  at  hand 
or  that  some  sort  of  manipulation  be  carried  on  by  means  of 
which  the  significant  elements  of  the  various  problems  could  be 
abstracted  and  associated  with  appropriate  reactions.  Both  of 
these  alternatives  were  tried,  the  former  without  success  in  a 
single  case  when  attempted  early  in  Series  1-2,  the  latter  with 
varying  degrees  of  success,  depending  on  the  individual  who 
made  the  attempt  and  the  sort  of  manipulation  resorted  to. 

The  sorts  of  analysis  which  occurred  are  classified  from  the 
points  of  view  of  (i)  the  specific  elements  and  types  of  elements 
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which  were  abstracted  and  employed  for  generalization,  (2)  the 
explicitness  and  extent  of  analysis,  and  (3)  the  temporal  rela- 
tions of  manipulation  and  ideational  analysis/^ 

I.     Types  of  Elements  Abstracted:  The  Direction  of  Analysis. 

Any  aspect  or  isolable  portion  of  the  objective  situation  and 
any  relation  between  such  portions  or  aspects  will  hereafter  be 
referred  to  as  an  "element"  of  the  general  problem.  Elements 
of  this  sort  appeared  in  considerable  variety  and  exhibited  uni- 
formities of  such  varied  types  that  different  subjects  might  con- 
ceivably have  arrived  at  equally  valid  solutions  from  quite  differ- 
ent lines  of  approach. 

Subjects  usually  began  early  in  Series  1-2  to  coimt  the  number 
of  beads  from  which  they  were  required  to  draw  at  each  move. 
This  usually  led  to  an  early  discovery  of  the  fact  that  certain 
numbers  are  especially  significant  as  points  of  orientation  and 
control  in  the  series.  Certain  multiples  of  3  were  usually  the  first 
numbers  to  take  on  this  special  significance  in  Series  1-2.  Thus 
subjects  almost  invariably  came  to  regard  the  numbers  which 
they  could  not  win  as  the  important  elements  to  be  sought  out 
Sometimes  subjects  also  tried  to  remember  the  numbers  which 
they  were  able  to  win,  but  these  numbers  were  seldom  made  the 
objects  of  special  attention  and  the  basis  of  hypotheses  and 
generalizations,  except  as  they  were  brought  in  to  complete  the 
formulation  after  the  solution  had  been  practically  worked  out 
upon  some  other  basis. 

Perhaps  the  next  most  common  type  of  element  to  attract 
special  attention  was  the  relationship  of  the  draws  made  by  the 
experimenter  to  those  of  the  subject.  Occasionally  a  subject 
would  become  so  absorbed  in  the  pursuit  of  this  relation  that  he 
would  utterly  fail  for  a  time  to  notice  the  significance  of  the 
number  of  beads  presented.  Most  of  our  subjects,  however, 
noticed  some  sort  of  relationship  here  rather  early  and  divided 
their  attention  between  it  and  the  number  element  mentioned 
above. 

Other  elements  of  particular  interest  at  times  to  various  sub- 

1^  See  Ruger,  "The  Psychology  of  Efficiency,"  pp.  10-14. 
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jects  were  the  number  of  beads  obtained  by  the  subject  or  by  the 
experimenter  or  both,  or  sometimes  the  total  number  of  beads 
drawn,  or  the  number  of  draws  obtained  by  the  experimenter  or 
by  the  subject,  or  the  relation  between  the  number  of  draws  and 
the  number  of  beads  obtained,  etc.  Though  elements  of  this 
sort  all  exhibit  uniformities  of  such  character  as  might  well  be- 
come the  basis  for  successful  generalizations,  no  one  succeeded 
in  getting  a  successful  solution  from  these  elements  alone,  al- 
though some  subjects  lost  a  considerable  amount  of  time  in  the 
attempt. 

Without  going  further  into  detail  it  may  be  said  that  the  more 
successful  subjects  usually  began  very  early  to  give  special  at- 
tention to  the  number  of  beads  remaining  after  each  draw  and 
often  failed  entirely  to  notice  the  relation  between  the  draws  of 
the  subject  and  those  of  the  experimenter.  Often  in  the  first 
series,  and  quite  generally  in  the  later  series,  elements  of  both 
of  these  types  were  constantly  taken  into  account  with  good  re- 
sults. The  attention  of  the  less  successful  subjects  usually  fluctu- 
ated considerably  between  the  different  types  of  elements,  but 
failed  to  follow  up  any  type  consistently  enough  to  discover  the 
uniformities  lying  beneath  the  surface. 

Table  VI  shows  the  point  in  the  first  series  where  each  subject 
gave  the  first  evidence  of  having  become  definitely  aware  of  the 
uniformities  in  the  elements  of  each  of  the  first  two  types  men- 
tioned above.  This,  of  course,  implies  a  considerable  amount  of 
previous  attention  to  the  elements  underlying  the  uniformities. 
For  example  a  subject  would  often  study  his  own  successful 
draws  and  those  of  the  experimenter  for  some  time  before  be- 
coming aware  of  the  "opposite"^®  relation  between  them;  or  he 
might  realize  for  a  considerable  time  that  certain  definite  num- 
bers are  critical  without  noticing  that  they  are  multiples  of  3. 

It  will  be  noticed  that  a  number  of  the  most  successful  sub- 
jects seemingly  failed  to  discover  the  principle  of  drawing  by 

1*  In  all  trials  beginning  with  a  critical  number  E  drew  i  when  S  drew  2, 
and  2  when  S  drew  i.  Likewise,  in  order  to  win  any  non-critical  number, 
S  had  to  draw  the  "opposite"  of  E's  preceding  draw  throughout  the  trial 
after  first  having  reduced  the  number  of  beads  to  a  multiple  of  3  at  his 
first  draw. 
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Table  VI 

Point  in  Series   1-2  where 
the  principle  of  drawing 
Subject  by  "opposites"  was 

discovered 
i 

ii 
iii 
iv 

V 

vi 
vii 
viii 

ix 

X 

xi 

xii  13b  70th  trial 

xni  12b  86"      " 

xiv  lib  88"      " 


13b 

25th  trial 

9b 

as"      " 

,4b 

71st  trial 

6b 

21"       « 

i8b 

168"     " 

23b 

303rd     « 

i^ 

77th     « 

Point  in   Series   1-2  where 
it  was   discovered  that 
the  C  numbers  are 
multiples  of   3 
I3b*»  50th  trial 
15b      35"      " 
15b     28"      " 
15b      96"      " 
i6b     63rd     " 
26b    384th     " 
i8b    310"     " 
17b    162nd    " 
31b    315th     " 
46b    547"'    " 
2ib      53«1     " 
16b      30th     " 
15b    III"      " 
40b    293rd     " 


^*  13b,  15b,  etc,  stand  for  the  various  problems  in  the  series  and  indicate 
the  initial  number  of  beads  presented  at  each  trial  in  the  problem. 

'^The  principle  of  drawing  opposites  was  not  discovered  in  this  series  by 
Subjects  i,  ii,  v,  and  xi. 

Opposites,  and  that  some  of  the  subjects  who  found  the  greatest 
difficulty  in  solving  the  problems  discovered  this  principle  very 
early  in  the  series.  By  the  rank  method  the  correlation  betweeti 
the  number  of  trials  required  for  the  discovery  of  this  principle 
and  the  number  of  trials  required  to  find  a  satisfactory  solution 
for  the  series,  is  — .324.  There  is  a  positive  correlation  of  .728 
between  the  number  of  trials  required  to  discover  that  the  critical 
numbers  are  multiples  of  3  and  the  number  of  trials  required  to 
find  a  satisfactory  solution  for  the  series.  Attention  on  the  part 
of  the  subject  to  the  numbers  of  beads  from  which  he  must  draw 
thus  leads  more  directly  to  fruitful  generalizations  than  does  at- 
tention to  the  relation  of  his  own  draws  to  those  of  the  experi- 
menter. 

What  factors,  it  may  be  asked,  determine  which  of  the  various 
elements  shall  be  abstracted  from  the  total  situation  in  any  case? 
This  question  cannot  be  answered  fully  from  the  data  at  hand 
but  it  seems  worth  while  to  point  out  that  the  order  of  abstrac- 
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tion  of  elements  is  exactly  what  might  be  expected  if  the  prin- 
cipal selective  factors  were  the  relative  frequency  of  occurrence 
of  various  situation  and  response  elements,  the  relative  nearness 
of  the  various  elements  to  a  goal,  or  end  of  action,  and  the  speed 
of  the  subject's  reactions.  These  three  factors  will  be  discussed 
separately  in  a  later  section.  Some  data  concerning  them  may 
well  be  given  here. 

a.  Frequency  of  Repetition. — As  already  noted  the  numbers 
in  Series  1-2  which  were  first  to  attract  special  attention  and  to 
become  objects'  of  active  research  were  almost  invariably  the 
critical  numbers.  This  emphasis  upon  the  critical  numbers  was 
the  result  not  of  sudden,  comprehensive  insight,  but  of  a  gradual 
and  often  tedious  growth  of  meaning.  There  were,  to  be  sure, 
sudden  spurts  and  long  plateaus  in  the  prepress  of  some  sub- 
jects, as  a  result  of  the  drawing  in  of  old  concepts  by  associa- 
tion. But  the  regularity  of  progress  in  the  abstraction  of  ele- 
ments in  the  first  series  was  not  often  seriously  obscured  by  these 
factors.  The  first  number  to  be  isolated  and  treated  as  especially 
significant  was  almost  invariably  6.'*  Thereafter  9,  12,  and  the 
higher  critical  numbers  followed  in  the  order  of  their  magnitude 
except  as  the  order  was  affected  by  the  influx  of  old  concepts  in 
the  form  of  generalizations.  The  early  stages  of  the  abstraction 
of  the  various  critical  numbers  progressed  with  surprising  inde- 
pendence. The  first  objective  signs  of  the  process  of  abstraction 
appeared  usually  in  the  form  of  short  delays,  exclamations,  and 
other  indications  of  critical  reaction,  which,  if  we  may  trust  the 
comments  of  subjects,  were  accompanied  by  occasional  fleeting 
insights  into  the  nature  of  the  situation.  Continued  repetition 
of  these  numbers  served  to  give  further  emphasis  to  them  and 
greater  depth  and  stability  to  the  erstwhile  fleeting  insights  into 
their  signifiance  for  the  solution  of  other  numbers,  until  finally  it 
became  possible  to  formulate  their  relations  into  satisfactory 
principles  of  control. 

2^  It  is  true  that  prior  to  the  recognition  of  the  critical  significance  of  6,  3 
was  usually  recognized  in  the  concrete  as  a  losing  number.  But,  owing 
apparently  to  the  easy  perceptual  control  of  3,  it  was  almost  never  mentioned 
explicitly  as  a  losing  number,  except  as  an  afterthought  in  rounding  out  a 
generalization  which  had  been  made  upon  the  basis  of  higher  critical  numbers. 
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Corresponding  to  the  gradual  abstraction  of  certain  critical 
numbers  and  the  order  in  which  these  numbers  were  affected  by 
the  process,  is  the  gradually  increasing  excess  of  the  subjects' 
reactions  to  critical  numbers  over  their  reactions  to  non-critical 
ones.  Not  only  does  this  excess  of  draws  from  critical  numbers 
increase  from  problem  to  problem,  but  the  ratio  of  draws  from 
critical  to  those  from  non-critical  numbers  also  increases  rather 
steadily.  The  regularity  of  this  increase,  both  in  the  excess  of 
draws  from  critical  numbers  and  in  their  ratio  to  the  draws  from 
non-critical  numbers,  may  be  seen  in  Table  VII.  At  the  left  are 
listed  the  various  problems  of  the  series  from  the  first  problem, 
in  which  4  beads  are  presented,  to  the  twelfth  problem,  in  which 
15  beads  are  presented  for  solution.  The  figures  in  the  succeed- 
ing columns  indicate  the  total  number  of  times  ten  subjects  were 
required  to  draw  from  each  of  the  numbers  listed  above  the 
columns,  in  the  solution  of  the  problem  opposite  which  the  figures 
occur  and  all  preceding  problems.  Thus  in  the  solution  of  the 
problem,  4b,  the  subjects  drew  12,  14,  o,  and  28  times  from  i,  2, 
3,  and  4  beads  respectively.  In  the  solution  of  4b  and  sb  they 
drew  23,  26,  5,  28,  and  26  times  from  i,  2,  3,  4,  and  5  beads 
respectively,  and  so  on.  Or  reading  down  the  column,  under  3 
for  example,  the  ten  subjects  drew  o  times  from  3  while  work- 
ing upon  4b;  5  times  while  working  upon  4b  and  5b;  46  times 
while  working  upon  4b,  sb,  and  6b,  and  so  on.  The  ratios  of 
draws  from  critical  numbers  to  the  averages  of  those  from  ad- 
joining non-critical  numbers,  are  given  in  italics. 

The  frequency  of  subjects*  draws  from  any  critical  number 
does  not  greatly  exceed  that  of  their  draws  from  adjacent  non- 
critical  numbers  until  after  the  game  has  progressed  to  a  point 
considerably  beyond  the  critical  number  in  question.  Thus  the 
frequency  of  draws  from  3  beads  becomes  greater  than  from 
2  or  4  beads  only  after  considerable  work  upon  6  beads ;  and  the 
frequency  of  draws  from  6  beads  becomes  greater  than  from  5 
or  7  beads  only  after  some  work  upon  9  beads,  etc.  This  is  in 
entire  accord  with  the  fact  that  the  status  of  these  numbers  (i.e., 
whether  critical  or  non-critical),  was  in  most  cases  forgotten 
shortly  after  the  commencement  of  work  upon  higher  numbers, 
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Table  VIII 

Total  Number  of  Draws  of  ten  Subjects  from  various  Numbers  in  Solving  the  first 

twelve  Problems  of  Series  1-2. 


I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

4b 

12 

14 

0 

28 

5b 

23 

26 

5 
19 

28 

26 

6b 

23 

26 

46 
1.70 

28 

26 

-J5 

7b 

35 

41 

61 
1-47 

42 

43 

41 

'94 

44 

8b 

44 

54 

77 
145 

52 

58 

3 

44 

38 

9b 

44 

54 

m 

52 

58 

130 
2.55 

44 

38 

76 
1,97 

lOb 

65 

69 

241 
3-28 

78 

79 

195 
2.32 

89 

88 

75 
.69 

131 

lib 

108 

78 

408 
4X)8 

122 

lOI 

2.66 

149 

... 

172 
1^2 

131 

220 

12b 

108 

78 

533 
5-33 

122 

lOI 

458 
3M 

149 

151 

297 

2JI 

131 

220 

125 
•56 

13b 

137 

98 

669 

5-35 

152 

124 

578 

192 

186 

385 
2.03 

194 

291 

125 

'52 

186 

14b 

163 

109 

75? 
5-28 

178 

137 

226 

208 

447 
2.01 

236 

339 

161 
,61 

186 

126 

15b 

163 

109 

845 

5-^9 

178 

137 

744 
4.09 

226 

208 

534 
2,41 

236 

339 

96 

186 

126 

87 
'69 

(See  preceding  paragraph  for  explanation  of  table.) 

and  was  re-discovered  only  after  a  considerable  number  of  trials 
during  which  the  frequency  of  repetition  of  forgotten  critical 
numbers  became  gradually  more  preponderant  over  that  of  for- 
gotten non-critical  numbers.  Thus,  after  working  for  a  while 
upon  7  or  8  beads,  the  subject  usually  forgot  that  he  had  been 
unable  to  win  6  and  did  not  often  re-discover  the  fact  until  after 
some  work  upon  9  beads  or  even  upon  higher  numbers;  that  is, 
until  the  number  of  draws  from  6  had  come  to  be  greatly  in 
excess  of  those  from  S  or  7  beads.  The  behavior  of  subjects 
toward  9  and  12  beads,  and  often  toward  higher  numbers,  was 
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similar  in  this  respect.  But,  owing  to  the  increasing  influence  of 
generalization  and  other  less  conscious  sorts  of  transfer,  the  pre- 
ponderance  of  draws  from  the  critical  numbers  became  gradually 
less  marked  or  entirely  vanished. 

Though  in  the  work  of  these  subjects  the  order  in  which  the 
various  critical  numbers  acquired  their  special  significance  is 
closely  paralleled  by  the  relative  frequency  of  their  presentation, 
it  might  be  questioned  whether  this  order  was  not  determined  by 
the  order  of  their  original  presentation  as  problems  of  the  series 
rather  than  by  the  frequency  of  subjects'  reactions  to  them. 
That  the  order  of  the  original  presentation  of  these  numbers  as 
separate  problems  is  not  the  determining  factor,  however,  is  evi- 
dent from  the  facts  presented  in  Table  VIII  where  the  critical 
numbers  were  not  presented  as  separate  problems  prior  to  their 
discovery.  The  discovery  of  a  critical  number  was  usually  not  a 
sudden  event,  but  a  gradual  process  of  isolation  and  of  growth 
of  meaning.  The  process  will  be  referred  to  hereafter  as  the 
abstraction  of  critical  numbers.  Various  stages  of  the  process 
must  be  distinguished  and  defined  before  quantitative  comparison 
becomes  possible.  The  first  stage  in  the  abstraction  of  a  critical 
number  may  be  regarded  as  completed  when,  with  this  number  of 
beads  concretely  before  him,  the  subject  gives  the  first  clear  in- 
dication of  his  realization  that  in  the  current  trial  defeat  is  in- 
evitable. This  recognition  of  defeat  may  be  expressed  in  a  shak- 
ing of  the  head  or  in  some  form  of  exclamation,  such  as,  "I  lose," 
"No  use,"  "You  win,"  "I  cannot  win  now,"  or  "No  matter  how 
I  draw  now  you  can  win."  Such  recognition  of  defeat  often 
comes  in  the  form  of  a  perceptual  judgment,  without  explicit 
awareness  of  the  exact  number  of  beads  remaining  or  of  the  im- 
possibility of  ever  winning  from  this  particular  number.  The 
second  stage  in  the  abstraction  of  a  critical  number  will  be  re- 
garded as  completed  when  the  subject  clearly  states  the  recog- 
nition of  his  inability  ever  to  win  the  number  in  question.  The 
third  stage  is  regarded  as  completed  when  the  subject  announceis 
his  conviction  that  the  number  in  question  is  also  critical  for  the 
experimenter;  i.e.,  that  the  experimenter  must  inevitably  lose  if 
required  to  draw  from  that  number.     In  the  interpretation  of 
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reactions  indicative  of  the  various  stages  the  general  context 
must  be  taken  into  account;  our  criteria  are  not,  therefore,  wholly 
objective. 

The  individual  records  of  twelve  new  subjects,  reacting  to  14 
beads  as  their  initial  problem,  are  given  in  Table  VIII.  The  sub- 
jects are  listed  at  the  left  as  Si,  S2,  S3,  etc.,  according  to  the 
number  of  trials  required  to  win  two  trials  in  succession  from 
14  beads.  In  the  /  columns  of  the  various  A  sections  (i.e.,  3A, 
6 A,  9 A,  and  12 A)  of  the  table  are  given  the  numbers  of  draws 
made  by  individual  subjects  from  each  of  the  critical  numbers 
during  the  first  stage  of  its  abstraction.  Similar  data  for  the 
second  and  third  stages  of  abstraction  are  given  in  the  B  and  C 
sectons  of  the  table  respectively.  The  totals  of  draws  from  the 
two  non-critical  numbers  adjacent  to  each  critical  number,  dur- 
ing the  various  stages,  are  given  in  the  s  columns  of  the  respec- 
tive sections.  Thus  the  record  of  S3  shows  that  only  the  first 
critical  number  was  abstracted.  During  the  first  stage,  3A,  of 
this  process  two  draws  were  made  from  3  beads  and  none  from 

2  or  4  beads.  Prior  to  the  completion  of  Stage  3B,  39  draws 
were  made  from  3  beads  and  a  total  of  only  6  from  2  and  4 
beads.    Before  3C  was  completed  74  draws  had  been  made  from 

3  beads  though  the  total  number  of  draws  from  2  and  4  beads 
was  only  16. 

In  only  4  of  the  73  pairs  of  /-  and  ^-column  figures  here  pre- 
sented does  the  number  of  draws  from  a  critical  number  fall 
short  of  the  sum  of  all  draws  from  the  two  adjacent  non-critical 
numbers,  and  in  no  case  does  it  fall  below  the  average  number  of 
draws  from  the  two  adjacent  non-critical  numbers.  The  average 
number  of  draws  from  critical  numbers  at  the  completion  of 
Stage  A  in  their  abstraction,  is  31.2;  that  of  draws  from  adja- 
cent non-critical  numbers  is  4.2.  At  the  completion  of  Stage  B 
the  corresponding  averages  are  51.6  and  9.9  respectively;  and 
at  the  completion  of  Stage  C  they  are  100.6  and  21.8  respectively. 
The  total  number  of  draws  from  all  critical  numbers  in  all  stages 
of  their  abstraction  as  here  reported,  is  3787.  From  non-critical 
numbers — ^though  there  are  twice  as  many  of  them  as  of  critical 
numbers — ^the  total  number  of  draws  is  only  703.     That  is  to 
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Tablb  VIII 

Frequency  of  Subjects'  Draws  from  the  Critical  Numbers  at  the  Completion 

of  the  various  Stages  of  their  Abstraction. 
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S6 

II 

7 

28 

83 

31 

ll 

22 

26 

52 

34 

19 

35 
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48 
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36 
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70 

60 

51 

S12 
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II 
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II 
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45 
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359 

117 

205 

657 

240 

505 

422 

277 
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331 

284 

Av. 

51.3 

16.7 

55.1 

22.8 

109.5 

40.0 

63.1 

52.8 

92.3 

63.3 

iia3 

94.0 

say,  at  the  time  of  completion  of  the  various  stages  of  abstraction 
of  the  critical  numbers,  the  number  of  draws  from  them  is  on 
the  average  more  than  ten  times  as  great  as  from  adjacent  non- 
critical  numbers. 

The  order  of  abstraction  of  the  various  critical  numbers  is 
also  in  practically  complete  harmony  with  the  order  of  frequency 
of  subjects*  reactions  to  them  individually.  Not  only  are  a  sub- 
ject's draws  from  a  lower  critical  number  invariably  more  nu- 
merous than  from  a  higher  one,  but  his  draws  from  the  lower 
non-critical  numbers  are  also  fewer  than  from  higher  ones. 
Both  of  these  facts  tend  to  give  greater  emphasis  to  the  lower 
critical  numbers  and  favor  the  abstraction  of  critical  numbers 
from  lower  to  higher  in  the  order  of  their  magnitude.  A  com- 
parison of  the  actual  order  of  abstraction  requires  that  different 
stages  of  the  process  be  listed  separately.  This  has  been  done 
in  Table  IX. 
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As  before  the  subjects  are  listed  at  the  left.  The  critical 
numbers  appear  at  the  top  of  the  columns,  the  various  stages  be- 
ing- segregated  as  indicated  by  the  capitals.  The  figures  in  the 
columns  indicate  the  order  in  which  the  critical  numbers  emerged 
from  the  various  stages  of  abstraction.  Thus  the  record  of  Si 
shows  that  3  was  the  first  number  to  emerge  from  Stage  A,  6 
the  second,  9  the  third,  etc.  Points  where  hesitation  and  other 
inconclusive  signs  showed  the  probable  occurrence  of  abstraction 
though  no  clear  indications  of  the  process  were  observed,  are 
marked  with  asterisks.  No  overt  indications  of  abstraction  were 
observed  for  the  blank  points  in  the  table.  When  a  given  stage 
in  the  abstraction  of  two  or  more  critical  numbers  was  completed 
simultaneously,  they  were  given  the  same  value  in  the  table. 

Table  IX 
Order  of  Abstraction  of  Critical  Numbers. 
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That  the  correspondence  between  the  frequency  of  reaction  to 
various  critical  numbers  and  the  order  of  their  abstraction  is 
really  very  close,  is  shown  by  the  fact  that  in  only  one  case 
(S7,  3 A)  in  the  entire  table  did  a  lower  number  emerge  later 
than  a  higher  one  from  a  given  stage  of  abstraction.  There  is, 
however,  a  strong  tendency  in  this  group  for  all  critical  numbers 
to  emerge  simultaneously  from  Stage  C.  This  is  due  to  the  fact 
that  abstraction  has  here  reached  a  sufficiently  advanced  stage  to 
permit  generalization  to  become  effective. 

6.  Effect  of  Nearness  to  a  Goal. — As  already  noted  the  fre- 
quency of  reaction  to  the  various  critical  numbers  varies  directly 
with  their  nearness  to  o,  the  immediate  goal  of  every  trial.  It 
is  therefore  impossible  to  measure  separately  the  effects  of  fre- 
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quency  of  repetition  and  those  of  the  nearness  of  elements  to  a 
goal.  Logically  the  relative  nearness  of  elements  to  a  goal  re- 
solves itself  into  two  distinct  factors :  ( i )  the  greater  ease  with 
which  the  consequences  of  tentative  or  hypothetical  draws  can  be 
foreseen  from  lower  than  from  higher  numbers  and  (2)  the 
closer  temporal  proximity  of  the  goal  to  reactions  toward  lower 
than  to  those  toward  higher  critical  numbers.  Both  of  these 
factors  were  probably  operative  as  will  later  be  pointed  out  more 
fully.  Some  evidence  of  the  effects  of  ( i )  is  found  in  the  per- 
centages of  erroneous  draws  from  various  non-critical  numbers 
as  reported  in  Table  VI.  In  the  further  presentation  of  evidence 
at  this  point  no  effort  will  be  made  to  distinguish  between  the 
effects  of  these  two  factors. 

That  the  critical  character  of  6  is  more  easily  discovered  than 
that  of  9,  is  shown  by  the  number  of  trials  required  by  24  sub- 
jects from  each  of  these  numbers  in  discovering  the  impossibility 
of  winning  it.  The  total  numbers  of  trials  upon  6b  and  9b  were 
126  and  194  respectively.  Seventeen  of  these  subjects  required 
fewer  trials  upon  6b  than  upon  9b.  Likewise  fewer  trials  were 
required  upon  9  than  upon  12  beads,  both  by  the  group  as  a 
whole  and  by  a  majority  of  the  individual  members.  But,  ow- 
ing to  the  rapidly  increasing  effects  of  previous  learning  upon  the 
higher  numbers  of  the  series,  the  difference  here  is  not  so  great 
as  in  the  former  pair. 

The  comparative  difficulty  of  abstraction  of  various  critical 
numbers  is  further  shown  in  Table  VIII.  The  averages  as  they 
stand  show  a  marked  general  increase  in  the  number  of  reactions 
required  to  raise  successively  higher  critical  numbers  out  of  a 
given  stage  of  abstraction.  But  this  evidence  is  open  to  the 
objection  that  the  averages  do  not  all  represent  the  work  of 
exactly  the  same  group  of  subjects.  The  results  are  not  much 
modified,  however,  when  the  work  of  those  subjects  whose  rec- 
ords do  not  show  complete  data  for  the  stages  compared,  is  left 
out  of  account.  In  the  work  of  9  subjects  whose  records  con- 
tain data  for  both  3A  and  6A  there  is  only  one  case,  that  of  87, 
in  which  3A  offers  more  difficulty  than  6A.  The  average  num- 
bers of  draws  are  3  and  21.9  for  3 A  and  6 A  respectively.    Stages 
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6A  and  9A  are  both  represented  in  the  work  of  6  subjects  all  of 
whom  required  more  draws  from  9  in  the  attainment  of  9A  than 
from  6  in  the  attainment  of  6A.  The  average  numbers  of  trials 
are  here  26.7  and  55.8  for  6A  and  9A  respectively.  Data  for 
both  9 A  and  12A  are  contained  in  the  records  of  6  subjects  all 
of  whom  required  more  draws  for  the  attainment  of  12A  than 
of  9A.  The  average  numbers  of  draws  are  here  43.5  and  67.7 
for  9 A  and  12 A  respectively.  Without  going  into  further  de- 
tail it  may  be  said  that  the  results  in  the  B  Stages  show  the  same 
marked  tendency  for  higher  critical  numbers  to  require  many 
more  reactions  for  their  abstraction  than  are  required  by  the 
lower  ones.  The  less  marked  tendency  in  this  direction  in  the 
C  Stages  is  clearly  due  to  the  onset  of  effective  generalization 
and  need  not  concern  us  here. 

c.  Effect  of  Speed  of  Reaction. — ^The  ease  with  which  the 
principle  of  drawing  by  "opposites"*^  is  discovered  appears  to 
depend  largely  upon  the  speed  of  reaction  of  the  subject.  The 
subjects  who  reacted  rapidly  almost  invariably  discovered  the 
"opposite"  relation  between  their  draws  and  those  of  the  ex- 
perimenter early  in  the  game,  but  those  who  reacted  slowly  usu- 
ally became  aware  of  this  relation  late  or  not  at  all.  Data  re- 
garding the  speed  of  reaction  and  the  number  of  trials  required 
by  subjects  of  Groups  I  and  III  are  presented  in  Table  X.**  The 
data  for  Group  I  are  shown  in  the  upper  section  of  the  table, 
those  for  Group  II  in  the  lower  section.  Since  the  extent  of  the 
series  is  not  the  same  for  different  subjects,  early  or  late  dis- 
covery of  the  principle  of  drawing  opposites  must  be  determined 
not  by  the  absolute  number  of  trials  required  for  the  discovery, 
but  by  the  percentage  of  all  reactions  upon  Series  1-2  which 
sufficed  for  the  discovery  of  the  principle.  These  percentages 
are  given  in  the  last  column  of  the  table. 

2^  That  is,  drawing  i  when  the  opponent  draws  2,  and  2  when  the  opponent 
draws  i.  This  procedure  obviates  the  necessity  of  counting  the  remaining 
beads  when  their  number  has  once  been  reduced  to  a  multiple  of  3. 

2»  Similar  data  cannot  be  given  for  Group  II  owing  to  the  tact  that  no 
separate  records  were  kept  of  the  time  required  for  the  solution  of  indi- 
vidual problems  of  the  series. 
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Table  X 

Speed  of  Reaction  as  Related  to  Ease  of  Discovery  of  the 
Principle  of  Drawing  by  "Opposites." 

Per  cent  of   total 
Av.  No.  of  seconds  No.  of  trials  re-  trials  upon  Series 
per  draw  in  dis-     quired  for  dis-     1-2  required  for 


covering  the 

corvery  of  the 

'  the  discovery  of 

ejects 

principle  of 

principle  of 

the  principle  of 

opposites** 

drawing  by 

drawing  by 

opposites 

opposites 
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10.25  (  S^)" 

1.00 

ii 

12.28  (12.8) 

1.00 

iii 

5.94  {  5^) 

25 

.89 

iv 
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5.74  (  6.0) 
12.76  (  64) 

25 

.26 
1.00 

vi 

2.86  {  34) 
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.21 

vii 

5.05  {  4.0) 

21 

.06 

viii 

3-^7  (  3.1) 

167 

1.00 

ix 
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77 

.96 
.13 

xi 

1%  ftfi 

1.00 

xii 

70 

.38 

xiii 
xiv 

rs  f  IJ! 

86 
88 

.52 
.24 

I 

""6.88*("5i) 
7.49  (  53) 

3^ 

.57 

2 

65 

i.oo 

3 

13.13  (11.6) 
3.96  (  7.2) 

1.00 

4 

1.00 

1 

4.85  (  4.4) 

— 

1.00 

2.70  (  3.1) 

22 

.31 

7 

6.16  (  5.8) 
6.08  (  5.6) 

35 

.26 

8 

107 

75 

9 

5.13  (  5.5) 
3.83  (  3.9) 

1.00 

10 

63 

^ 

II 

3.57  (  4.1) 

III 

.39 

12 

3.78  (  3.1) 

84 

.24 

**0r  until  the  completion  of  Series  1-2. 

*^  In  the  parentheses  beside  the  second  column  the  average  number  of  sec- 
onds per  draw  in  the  ifirst  fifty  draws  of  each  subject,  is  given. 

Note  the  general  correspondence  between  the  ease  of  discovery, 
as  indicated  by  the  percentage  values  in  the  last  column,  and 
the  speed  of  reaction  as  indicated  in  the  second  column  of  the 
table.  The  average  time  per  draw  for  subjects  who  did  not  dis- 
cover the  principle  of  drawing  opposites  was  10.34  seconds  in 
Group  I  and  6.77  seconds  in  Group  III.  The  averages  for  sub- 
jects who  did  discover  the  principle  were  4.35  and  5.06  for 
Group  I  and  Group  III  respectively.  By  the  rank  method  the 
correlation  between  the  ease  of  discovery  of  the  principle  of  op- 
posites and  the  speed  of  reaction  is  .668  for  Group  I  and  .516 
for  Group  III. 
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It  might  be  supposed  that  these  correlations  are  due  to  an  in- 
crease in  the  speed  of  reaction  after  the  discovery  of  the  prin- 
ciple of  opposites  but  before  its  announcement.  That  the  cor- 
relations were  perhaps  raised  somewhat  by  this  tendency  is  not 
denied.  But  the  effect  of  this  factor  was  probably  slight  since 
the  subjects  were  urged  repeatedly  to  notify  the  experimenter 
of  any  new  discovery  or  seemingly  relevant  new  idea  at  the  time 
of  its  occurrence.  Moreover,  the  records  show  that  subjects 
who  reacted  slowly  at  the  beginning  of  the  work  usually  failed 
to  discover  the  principle  of  drawing  opposites,  whereas  subjects 
who  drew  rapidly  from  the  beginning  were  likely  to  discover  the 
principle  early  in  the  game.  Thus  the  average  time  per  draw  of 
the  first  fifty  draws  of  Subjects  i,  ii,  v,  and  xi,  who  did  not  dis- 
cover the  principle,  is  9.47  seconds,  whereas  the  average  time  of 
the  remaining  subjects  of  this  group,  all  of  whom  discovered  the 
principle,  is  only  4.42  Seconds.  The  corresponding  averages 
for  subjects  of  Group  III  who  did  and  for  those  who  did  not 
discover  the  principle,  are  7.20  and  4.60  seconds  respectively. 
The  correlation  between  ease  of  discovery  of  the  principle  of  op- 
posites and  the  speed  of  reaction  in  the  first  fifty  draws  is  found 
to  be  fairly  high.  For  Group  I  this  ^correlation  is  .373  and  for 
Group  III  it  is  .629. 

It  may  still  be  argued  that  the  speedy  reaction  of  some  sub- 
jects was  merely  the  result  of  their  attention  to  the  relation  be- 
tween their  own  draws  and  those  of  the  experimenter;  but  such 
comments  of  subjects  as  we  have,  together  with  their  time  rec- 
ords, show  that  even  while  attending  to  the  number  of  beads 
remaining  or  recalling  their  success  or  failure  with  certain  num- 
bers in  past  trials,  these  subjects  reacted  with  less  deliberation 
than  others.  As  shown  by  their  comments,  the  work  of  these 
subjects  was  characterized  by  incessant  fluctuations  of  attention 
between  relatively  isolated  elements  or  by  wholly  irrelevant  re- 
flections. These  subjects  appeared  to  react  quickly  not  so  much 
because  of  any  marked  speed  of  mental  activity  as  because  of  a 
lack  of  those  deeper  insights  into  relations  and  consequences, 
which  might  have  barred  hasty  reaction. 

In  strflcing  contrast  with  these  positive  correlations  between 
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speed  of  reaction  and  relative  ease  of  discovery  of  the  principle 
of  drawing  opposites,  are  the  correlations  between  speed  of  re- 
action and  facility  in  finding  a  solution  for  the  entire  series,  as 
measured  by  the  number  of  trials  required  for  the  solution  of 
the  series.  The  average  speed  of  reaction  in  the  entire  series 
for  all  subjects  of  Groups  I  and  II,  together  with  the  number  of 
trials  required  for  the  solution  of  the  series,  is  shown  in  Tabk 
XI." 


Table  XI 

Speed  of  Reaction 

as  Related  to  the  Number  of  Trials  Required  for 

Solution  of  Series  1-2. 

Average  No.  of  sec- 

No. 

of  trials  required 

Subjects 

onds  per  draw  in 

for  the  solution  of 

Series  1-2 

Series  1-2 

i 

10.25 
12.28 

50 

ii 

35 

iii 

5.52 

^ 

iv 

6.89 

96 

V 

12.76 

62 

vi 

3.19 

331 

vii 

4.00 

371 

viii 

3.67 

167 

ix 

4.60 

315 

X 

6.07 

597 

xi 

53 

xii 

6.54 

184 

xiii 

3.68 

160 

xiv 

2.77 

367 

A 

12.22 

48 

B 

7.00 

62 

C 

5.61 

85 

D 

11.86 

112 

E 

6.70 

220 

F 

11.67 

300 

G 

4.68 

322 

H 

7.00 

g 

I 

4.86 

J 

3.91 

823 

The  data  for  Group  I  are  given  in  the  upper  portion  of  the 
table  and  those  for  Group  II  in  the  lower  portion.  The  corre- 
lations between  speed  of  reaction  and  the  number  of  trials  re- 
quired for  the  mastery  of  the  series  are  — .748  for  Group  I  and 
— .686  for  Group  II,  when  the  speed  of  reaction  is  stated  in 

2®  Similar  data  are  not  available  for  Group  III  owing  to  the  failure  of 
most  of  the  subjects  of  the  group  to  obtain  a  solution  for  the  series  while 
solving  the  limited  number  of  problems  presented  to  them. 
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terms  of  the  average  time  per  draw  in  the  entire  series.  When 
the  speed  of  reaction  is  determined  on  the  basis  of  the  first  fifty 
draws  of  each  subject,  the  correlation  is  • — .264  for  Group  I. 
Thus  intelligence  as  determined  by  the  ease  of  solution  of  Series 
1-2,  does  not  affect  the  speed  of  reaction  so  much  at  the  begin- 
ning of  the  series  as  later  when  there  is  a  greater  accumulation 
of  experience  which  may  serve  to  inhibit  hasty  reaction.  Speed 
of  reaction  appears  then  in  the  double  role  of  an  effect  of  the 
depth  of  insight  into  the  conditions  of  the  problem  and  as  a 
factor  in  determining  the  direction  of  analysis. 

2.  Explicitness  and  Extent  of  Analysis 

In  the  analysis  of  puzzles  Ruger  reports  a  "wide  variation  of 
felt  clearness  from  extremely  vague  to  perfectly  clear.  This 
range  of  felt  clearness,"  he  finds,  "is  matched  by  differences  in 
results."  Our  results  show  a  similar  variation  in  the  explicitness 
of  analysis  from  cases  in  which  an  element  of  a  situation  is 
barely  recognized  in  passing,  to  those  in  which  clear  verbal  form- 
ulations are  accompanied  by  ability  to  recognize  and  control  the 
element  in  question  under  novel  conditions.  Numerous  cases 
were  observed  where  analysis  was  complete  enough  to  be  effec- 
tive for  manipulation  but  not  clear  enough  to  be  put  into  words. 
A  great  many  of  the  perceptual  solutions  were  of  this  character. 
The  analysis  of  the  lower  numbers  practically  never  reached  the 
explicitness  of  a  clear  verbal  formulation  until  generalizations 
made  upon  higher  numbers  were  applied  to  them.  CXrcasionally 
a  subject  would  declare  that  he  knew  how  to  win  a  given  num- 
ber but  could  not  express  it  in  words.  One  subject,  after  win- 
ning from  20  beads  twice  in  succession  declared  that  she  believed 
she  could  do  it  again  though  she  could  not  say  how.  She  then 
proceeded  to  win  two  more  trials  in  succession  without  difficulty. 
Another  subject,  having  just  won  twice  in  succession  from  10 
beads,  was  asked  whether  she  had  any  new  ideas.  She  replied : 
"I  can't  state  the  idea  in  words  but  I  have  it  in  motor  terms." 

Ruger  mentions  several  different  sorts  of  analysis  which  af- 
fected only  a  part  of  the  situation.  A  very  indefinite  type  of 
partial  analysis  he  describes  as  "picking  out  the  portion  of  the 
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puzzle  to  be  attacked.  In  many  cases,"  he  says,  "there  was  a 
mere  spatial  analysis,  'locus  analysis'  without  involving  any  per- 
ception of  the  mechanical  necessities  concerned."  This  locus 
analysis  resulted  in  the  confining  of  random  movements  to  a  por- 
tion of  the  puzzle.  This  is  very  similar  to  a  common  experience 
of  our  subjects  many  of  whom  quickly  discovered  that  the  cru- 
cial point  of  the  trial  lay  in  the  early  draws,  and  busied  them- 
selves, accordingly,  with  the  task  of  determining  what  the  first 
one  or  two  draws  must  be.  This  often  resulted  in  some  im- 
patience with  the  requirement  that  every  trial  must  continue  im- 
til  the  number  of  beads  was  reduced  to  o,  and  necessitated  a  few 
brief  departures  from  the  rule.  Often  the  point  conceived  of  as 
crucial  was  in  the  lower  and  sometimes  in  the  intermediate  num- 
bers rather  than  in  the  higher  ones,  as  the  following  examples 
show: 

"I  wonder  if  you  often  draw  2  at  the  beginning  as  I  do,  merely 
to  hurry  and  reduce  the  number  of  beads"  (xiv,  23b). *^ 

"No  matter  what  number  you  are  working  with  you  can  win 
if  you  can  get  it  to  4  or  5  beads.  The  problem  isn't  with  the 
larger  numbers  but  with  the  few  at  the  end"  (xii,  lib). 

"It  seems  to  revolve  about  the  start"  (xii,  i6b). 

"Well,  I  would  eliminate  the  beads  until  I  got  my  first  turn  on 
4  or  5  (xii  reacting  to  the  problem  of  59  beads). 

"When  I  win,  the  crucial  draw  is  the  second,  or  not  later  than 
the  second"  (xiv,  25b). 

A  slightly  more  definite  type  of  analysis  is  described  by  Ruger 
as  follows :  "An  important  form  of  partial  analysis  noticed  was 
that  of  a  single  step  in  the  process  while  the  other  steps  were 
attained  only  by  random  movement.  This  single  step  was  often 
the  final  one.  The  solution  would  come  accidentally  but  the  sub- 
ject would  notice  the  last  step.  In  subsequent  trials  he  would 
know  what  to  do  if  he  chanced  to  get  to  that  step  but  not  how 
to  get  there."  The  folowing  comments  from  subjects  indicate 
this  type  of  partial  analysis : 

'^The  Roman  numerals  in  parentheses  indicate  the  subject  whose  com- 
ment is  quoted  and  the  numbers  following  show  the  particular  problem  in 
the  series,  during  the  solution  of  which  the  observation  occurred. 
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"I  can't  beat  when  we  get  to  6.  I  never  have  beaten  you  on 
6"  (xiii,  I2b). 

"I  can't  win  this;  there  are  6  left"  (ix,  lib). 

"I  could  win  if  it  would  come  out  ii  there"  (ix,  14b). 

"I  know  I  can't  win  unless  I  can  make  it  13  there  .  .  .  after 
you  have  drawn"  (vi,  25b). 

"Some  of  the  first  moves  I  win  and  others  I  lose.  Now  on  5 
if  I  have  the  first  move,  I  win"  (vii,  22b). 

"I  was  trying  to  get  it  so  there  would  be  7  beads  left  on  my 
draw"  (viii,  12b). 

These  partial  analyses,  especially  when  concerned  with  the 
higher  numbers  in  a  series,  depended  largely  upon  the  possession 
of  some  general  scheme  by  means  of  which  attention  could  be 
freed  from  most  of  the  details  of  the  series  and  concentrated 
upon  some  one  point.  Such  schemes  usually  took  the  form  of 
drawing  uniformly  either  i  or  2  beads  throughout  the  trial,  and 
generally  resulted  quickly  in  some  sort  of  appreciation  of  the 
principle  of  drawing  by  opposites.  This  principle  is  one  of  the 
best  examples  found  here  of  what  Ruger  called  "schematic  an- 
alysis." A  partial  insight  into  the  significance  of  multiples  of  3 
sometimes  served  as  a  schema  of  this  sort.  One  subject,  for 
example,  expressed  a  schematic  view  of  the  line  of  approach  to 
a  solution  of  Series  1-2  as  follows:  "You  draw  2  when  I  draw 
I,  and  I  when  I  draw  2,  so  that  we  reduce  it  by  3's  each  time; 
that  is,  we  are  drawing  them  out  by  multiples  of  3"  (vii,  i8b). 
From  this  comment  it  might  be  thought  that  the  subject  had  ef- 
fected a  complete  analysis  of  the  series,  at  least  up  to  and  in- 
cluding 18  beads;  but  it  required  two  additional. trials  to  bring 
him  to  realize  that  he  could  not  win  18  beads,  and  many  more 
trials  to  complete  the  series.  During  the  next  trial  he  observed : 
"We  are  drawing  right  down  on  multiples  of  3" ;  but  here  again 
he  failed  to  realize  the  significance  of  multiples  of  3,  for  it  re- 
quired still  another  trial  to  convince  him  that  he  could  not  win 
18  beads,  and  his  conclusion  was  not  based  on  multiples  of  3  at 
all.  "I  can't  win  from  6,"  he  said,  "so  since  this  is  a  multiple  of 
6,  I  can't  win  it."  Of  the  problem  presented  by  18  beads  the 
subject  had  probably  made  a  total  analysis  in  the  sense  that  it 
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"reached  all  the  elementary  steps  or  movements."  That  it  was 
far  from  a  complete  analysis  of  the  entire  series  is  evident  from 
the  fact  that  it  required  still  45  trials  upon  19,  20,  21,  and  22 
beads  for  the  development  of  sufficient  insight  to  permit  the  sub- 
ject to  give  a  solution  for  the  entire  series.  At  this  stage  of  the 
process,  however,  analysis  proceeded  far  less  than  formerly  by 
frequency  of  repetition,  nearness  to  a  goal,  etc.,  and  far  more 
by  means  of  ideas  and  principles  formulated  in  early  proUems 
and  now  applied  to  new  problems  and  verified  with  a  minimum 
of  repetition.  In  other  words,  generalization,  which  has  played 
a  role  of  increasing  importance  since  the  earliest  stages  of  analy- 
sis, has  here  become  the  dominant  factor. 

3.  Time  Relations  of  ManipulcUion  and  Analysis 

In  describing  the  time  relations  of  ideational  analysis  and 
motor  variations  Ruger  says:  "These  two  types  of  variation, 
acts  of  analysis  and  motor  responses,  may  be  quite  varied,  espe- 
cially in  their  time  relations.  At  the  one  extreme  is  the  motor 
variation  which,  perhaps,  brings  success  but  which  runs  its  course 
unnoticed.  At  the  other  extreme  the  analysis  may  occur  first 
and  only  after  a  considerable  interval  be  followed  by  the  motor 
response."**  This  wide  variation  in  the  time  relations  of  analy- 
sis and  manipulation  is  very  characteristic  of  the  work  of  our 
subjects,  except  that  in  the  first  series  we  find  little  ideational 
analysis  preceding  manipulation.  Our  procedure  was  not  of 
course  such  as  to  encourage  attempts  at  analysis  prior  to  manipu- 
lation in  the  early  problems  of  the  series,  though  we  believe  that 
such  efforts  were  seldom  discouraged  except  by  their  failure  to 
bring  results.  Such  analysis  as  occurred  early  in  the  series  was 
usually  of  a  perceptual  nature,  as  already  explained,  and  was  ac- 
companied and  checked  by  manipulation  of  the  beads.  The  ex- 
tent to  which  the  method  of  trial  and  error  became  operative  in 
the  intermediate  and  higher  numbers  of  the  series,  is  indicated 
roughly  by  the  percentage  of  erroneous  draws.  These  per- 
centages for  some  of  the  subjects  in  the  first  six  problems  of 
the  series  are  given  in  table  V.    In  approximately  the  first  two- 

28  Op.  cit,  p.  12. 


Digitized  by 


Google 


HIGHER  MENTAL  PROCESSES  IN  LEARNING  57 

thirds  of  the  trials  of  a  subject  upon  each  of  the  higher  numbers 
the  erroneous  first  draws  usually  amounted  to  about  50  per  cent 
of  all  of  the  draws  from  the  number  in  question.  Often,  indeed, 
half  of  the  first  draws  of  all  trials  in  a  number  of  successive 
problems,  were  erroneous.  Thus  Subject  viii,  in  working  from 
7  to  14  beads  in  the  first  series,  made  86  errors  of  this  sort  out 
of  a  possible  175.  In  the  7  problems  from  8  to  14  beads  in- 
clusive the  possible  errors  Jor  this  subject  were  156  and  his 
actual  errors  were  86.  Subject  i  required  38  trials  in  working 
over  the  numbers  from  7  to  14  inclusive  in  the  first  series;  i.e., 
there  were  38  possibilities  of  erroneous  first  draws.  Although 
this  subject  was  one  of  the  most  successful  of  the  lot  and  made 
special  effort  at  analysis  before  manipulation,  he  made  21  errors 
in  the  38  draws.  His  comments  upon  his  methods  of  procedure 
are  of  interest  here:  "I'm  doing  this  by  the  trial  and  error 
method  until  I  get  it  down  to  4  or  5  where  I  can  handle  it." 
Later  he  says :  "I  find  that  any  attempt  to  analyze  this  series  is 
apt  to  inhibit  action;  at  least  it  doesn't  conduce  to  a  solution." 
Repeated  comments  of  this  nature  were  made  by  many  of  the 
subjects. 

It  often  happened,  while  drawing  through  a  trial  which  had 
been  given  up  as  lost,  that  success  would  be  accidentally  achieved. 
Frequently  the  subject  would  attempt  to  recall  how  it  was  done. 
Often  he  succeeded,  but  even  if  he  failed,  the  effort  was  not  en- 
tirely lost,  for  the  arousal  of  attention  to  the  existence  of  ne- 
glected possibilities  resulted  in  a  change  of  attitude  and  some- 
times in  a  fruitful  examination  of  his  assumptions.  Numerous 
occurrences  of  accidental  success  without  ability  to  recall  the 
successful  variation  were  noted.  The  following  case  is  repre- 
sentative : 

Subject  ix  had  experienced  particular  difficulty  with  11  beads, 
Series  1-2,  and  finally  concluded  that  he  could  not  win  if  the 
experimenter  drew  i  early  in  the  trial.  He  was  persuaded  to 
continue,  however,  and  finally  happened  to  take  2  at  every  draw 
and  so  won  the  trial.  His  comment  was :  "I  just  fell  on  to  that 
by  trial  and  error  procedure.  It  was  accident;  I  don't  believe  I 
could  do  it  again."    Some  time  afterwards  he  met  with  the  same 
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difficulty  when  drawing  from  14  beads.  After  winning  with 
considerable  difficulty,  he  said :  "I  don't  know  how  I  did  that*' 
Later  on  with  17  beads  he  repeated  his  old  error  seemingly  none 
the  wiser  for  his  two  accidental  successes. 

A  striking  example  of  how  accidental  successes  may  be  seized 
upon  and  made  the  basis  for  further  progress  is  found  in  the 
reactions  of  Subject  vi  who,  having  made  good  progress  up  to 
25  beads  in  Series  1-2,  became  stranded  and  required  156  trials 
to  win  this  number  twice  in  succession.  This  subject  soon  dis- 
covered that  when  his  initial  draw  was  i  and  the  experimenter 
drew  2,  he  could  win  by  taking  i  at  every  draw  throughout  the 
trial.  But  when  the  experimenter  took  i  at  the  first  draw,  the 
subject  was  helpless,  though  he  could  have  won  by  merely  chang- 
ing his  draws  to  2  from  this  point  to  the  end  of  the  trial.  Some- 
how the  latter  procedure  escaped  his  attention,  although  he  fol- 
lowed it  once  by  accident  near  the  beginning  of  the  plateau,  so 
that  with  57  opportunities  to  win  by  this  procedure  he  succeeded 
only  twice.  After  his  155th  trial  upon  25  beads,  when  the  suc- 
cessful variation  occurred  for  the  second  time,  he  said :  "That's 
another  way  I  win— certainly  I  could  win  that  way  if  I  won  the 
other  way !"  When  questioned  as  to  whether  he  had  known  from 
the  beginning  of  the  trial  that  he  would  win,  he  replied :  "Not 
until  the  third  to  the  last  draw.  In  fact,  I  started  drawing  2 
without  any  intention  of  continuing  to  draw  2  on  down  through 
the  trial.  Then  I  later  decided  to  continue  (because,  as  subse- 
quently brought  out  in  a  comment,  he  did  not  remember  having 
tried  that  before)  as  I  started.  ...  It  didn't  occur  to  me  until 
after  I  had  finished,  that  it  didn't  make  any  difference  whether 
I  got  that  one  extra  bead  first  or  last,  if  you  drew  i  each  time." 

The  last  sentence  throws  some  light  on  the  nature  of  the  diffi- 
culty experienced  by  him  with  this  combination.  If  the  subject 
and  the  experimenter  drew  i  bead  each  at  the  first  draw,  there 
would  be  23  beads  remaining.  Now,  if  the  subject  took  i  bead 
at  his  second  draw  and  the  draws  proceeded  by  opposites  after 
that,  there  would  be  2  beads  left  for  him  at  the  last  draw;  that 
is,  "i  extra  bead."  The  subject's  reactions  clearly  show  that 
some  such  assumption  as,  that  he  must  provide  for  that  "extra 
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bead"  at  his  first  opportunity,  was  made;  for  of  the  55  errors 
which  he  made  in  drawing  i  when  he  should  have  taken  2,  forty 
consisted  in  drawing  i  from  23  beads.  The  other  15  errors  of 
this  sort  can  be  accounted  for  largely  on  the  basis  of  his  efforts 
to  reach  certain  lower  numbers  which  he  was  gradually  learning 
to  regard  as  significant.  This  false  assumption  explains  why  the 
subject  made  40  errors  in  57  draws  from  23  beads.  The  case 
shows  how  an  accidental  success  may  serve  to  clear  away  false 
assumptions  and  so  contribute  indirectly  as  well  as  directly  to  a 
more  speedy  solution  of  the  problem. 

It  is  worthy  of  note  that  the  accidental  successes  in  the  fore- 
going cases,  which  occurred  before  a  fair  acquaintance  with  the 
series  had  been  formed,  either  failed  to  attract  attention  or  could 
not  be  recalled,  whereas  an  accidental  success  occurring  later  in 
the  series  was  quickly  seized  upon  and  applied  to  the  solution  of 
the  series.  This  was  quite  a  common  occurrence  in  the  work  of 
a  majority  of  our  subjects. 

Having  seen  the  futility  of  early  attempts  at  analysis  without 
manipulation,  and  the  varying  degrees  in  which  subjects  profited 
by  accidental  success  at  different  stages  of  their  mastery  of  a 
series,  we  turn  briefly  to  the  growing  capacity  for  ideational 
analysis,  which  usually  began  to  be  effective  towards  the  end  of 
Series  1-2  and  became  increasingly  apparent  as  the  experiment 
progressed.  The  first  successful  attempts  at  ideational  analysis 
of  more  than  perhaps  one  step  in  the  series  usually  consisted  in 
a  return  to  lower  numbers  which  were  regarded  as  related  to  the 
present  situation,  with  an  attempt  to  determine  their  forgotten 
status,  or  in  a  return  to  the  very  beginning  of  the  series  to  re- 
cover orientation.  Reasoning  about  these  lower  numbers  would 
invariably  take  the  form  of  ideational  manipulation  mentioned 
earlier  in  the  discussion.  Usually  some  numbers  remembered  as 
critical  served  to  facilitate  the  determination  of  the  status  of 
other  numbers.  An  example  will  show  the  character  of  this 
sort  of  analysis  more  clearly : 

After  gaining  a  fair  acquaintance  with  Series  1-2  in  371  trials 
upon  the  first  17  problems  of  the  series.  Subject  vii  took  an 
excursion  back  to  the  beginning  to  check  up  and  get  his  bearings. 
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*'Some  numbers,"  he  said,  "the  first  (draw)  wins  and  scwne  it 
loses.  Now  at  5  beads  if  I  have  the  first  move,  I  win;  at  7  I 
lose — I  take  2  and  you  take  2  and  I  lose.  From  7  if  I  take  2. 
that  leaves  you  5  and  you  can  take  2  and  win.  If  I  take  i  and 
leave  6 — if  I  have  7  and  take  i,  I  win.  If  I  have  9,  I  lose.  If 
I  have  9  and  take  i,  I  lose  the  game;  if  I  have  9  and  take  2,  I 
lose,  therefore  I  lose  on  9  always.  If  I  have  8  and  take  i,  the 
other  fellow  wins ;  if  I  take  2, — O  yes !  /  see  why  it  is  that  I 
win  8,  because  I  leave  6,  I  can  win  5  by  taking  2  and  I  can  win 
7  by  taking  i ;  6  I  can  never  win.  If  I  have  8  and  take  2,  I 
always  win.  I  can  win  5  if  I  take  2;  6  I  can  never  win,  7  I 
can  win  if  I  take  i,  and  8  I  can  win  if  I  take  2 ;  9  I  can  never 
win — 6  and  9  I  can  never  win;  10  if  I  take  2,  I  lose;  if  I  take  i, 
I  can  always  win.  11  if  I  take  i,  I  lose;  if  I  take  2,  I  can  always 
win.  12,  if  I  take  2,  you  can  take  i  and  leave  9;  if  I  take  i, — I 
can't  win  it.  5  I  win  and  6  I  lose — on  even  numbers  I  take 
away  i.  On  11  if  I  take  2 — 12  I  lose  because  you  can  leave 
either  9  or  8.  6,  9,  12  I  can't  win.  I  can't  win  any  multiple  of  3. 
On  other  multiples  of  5- — I  can't  carry  it  out.    Let's  go  on." 

Here  the  subject  was  asked  how  he  would  draw  from  59  beads. 
"An  odd  number,"  he  said.  "This  will  be  merely  a  guess.  I 
should  judge  that  since  it  is  an  odd  number,  I  could  win.  I 
would  try  to  leave  it  odd  all  the  way.  I  would  take  2  and  the 
other  fellow  couldn't  win  if  I  watched  my  draws.  I  think  he 
couldn't  win  if  I  watched  my  draws.  I  think  he  couldn't  win 
multiples  of  3- — I  would  reduce  him  to  multiples  of  3!" 

Even  after  the  solution  of  an  entire  series  most  of  the  sub- 
jects showed  but  slight  tendency  towards  or  capacity  for  antici- 
patory analysis  in  the  attack  upon  new  series.  Twelve  of  the 
fourteen  subjects  in  Group  I  began  the  attack  upon  Series  1-3 
in  exactly  the  same  manner  as  that  upon  the  first  series;  that  is, 
they  began  to  draw  without  delay  and  only  after  some  time  at- 
tempted to  formulate  a  statement  for  the  series.  The  effect  of 
their  work  upon  the  preceding  series  was  very  noticeable,  how- 
ever, in  the  readiness  with  which  some  subjects  todc  note  of  the 
fact  that  4  could  not  be  won,  and  in  their  alertness  for  other 
critical  numbers. 
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Subject  i  said  at  the  beginning  of  Series  1-3:  "I  am  going 
to  try  to  reduce  this  trial  and  error  to  a  minimum.  With  i  or 
2  (i.e.,  in  Series  1-2)  the  smallest  combination  was  3;  i,  2,  or  3 
is  a  more  difficult  proposition.  I  imagine  I  could  sit  down  and 
work  it  out."  He  drew  2  and  the  experimenter  took  the  remain- 
ing 3.  "Oh,  I  forgot,"  he  said  "that  there  were  three  possi- 
bilities. I  will  try  all  the  possibilities  now  and  see  if  you  can 
get  me."  From  this  point  manipulation  and  analysis  progressed 
together.  This  failure  of  one  of  the  most  successful  subjects, 
certainly  the  one  who  was  most  inclined  towards  anticipatory 
analysis,  shows  the  difficulty  of  such  analysis  in  the  early  stages 
of  acquaintance  with  the  elements  of  the  problem.  His  progress 
had  been,  however,  very  rapid  in  the  first  series  so  that  time 
had  not  permitted  a  very  thorough  stamping  in  of  the  elements, 
and  he  had  altogether  failed  to  notice  some' of  the  important 
elements  of  the  series. 

When  presented  with  Series  1-3,  Subject  xiv  began  to  draw 
after  slight  hesitation  but  said  immediately  after  the  first  trial: 
"Now  I  think  I  can  get  this  right  off.  This  time  you  are  going 
to  let  me  win  every  fourth  one ;  that  is,  on  the  fourth  you  won't 
let  me  win  and  on  the  fifth  you  will  let  me  win,  provided  I  start 
with  I.  On  6  I  should  have  to  start  with  2,  and  with  3  on  7. 
(And  on  the  8th?)  I  wouldn't  win  8."  This  subject  quickly 
solved  two  more  series  of  this  order  without  a  draw. 

This  exceptional  case  may  well  be  due  to  the  fact  that  Subject 
xiv  made  a  more  thorough  analysis  of  Series  1-2  than  was  ef- 
fected by  any  other  subject.  Also  by  a  great  deal  of  shifting  of 
attention  from  one  set  of  elements  to  another  during  367  trials 
occupying  8173  seconds,  as  compared  with  an  average  of  204 
trials  in  4943  seconds  for  all  subjects  of  Group  I,  he  had  prob- 
ably succeeded  in  stamping  in  these  elements  more  thoroughly 
than  had  been  possible  for  most  of  the  subjects.  With  less  than 
half  as  many  trials  as  xiv  required  for  Series  1-2,  Subject  i 
solved  in  the  neighborhood  of  thirty  series  of  problems  and  gave 
satisfactory  generalizations  for  all  problems  included'  in  the 
experiment.  It  is  clear,  therefore,  that  the  insight  shown  here 
by  Subject  xiv  cannot  be  regarded  as  a  case  of  ideational  analy- 
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sis  without  a  fair  acquaintance  with  the  elements  of  the  situation. 
It  required  the  solution  of  only  one  or  two  additional  series 
of  problems  to  give  this  control  of  all  series  of  the  first  order 
(i.e.,  all  series  in  which  L  is  equal  to  i)  to  nearly  all  of  the  sub- 
jects, and  all  succeeded  in  getting  a  general  solution  after  only  a 
few  more  series.  But  no  subject  solved  Series  2-3  without 
manipulation  of  the  beads.  The  solution  of  fewer  series  was  re- 
quired, however,  for  the  mastery  of  the  second  order  of  series 
than  for  the  first  order.  Likewise  the  mastery  of  all  series  of 
the  third  order  required  actual  work  on  fewer  series  than  that 
of  either  of  the  preceding  orders,  and  usually  resulted  in  the 
mastery  of  all  series  in  which  the  numbers  between  H  and  L 
might  be  drawn.  This  transfer  of  power  from  series  to  series 
was  due  largely  to  the  easy  recognition  of  certain  elements  of 
the  new  series,  which  were  identical  with  familiar  elements  of 
old  ones,  thus  obviating  in  part  the  necessity  for  new  analytic 
activity.  The  transfer  of  power  was  further  facilitated  by  gen- 
eralizations upon  familiar  elements,  which  were  easily  applicable 
to  new  series.  These  factors  of  familiarization  and  generaliza- 
tion became  more  prominent  as  the  work  progressed,  but  in 
series  where  some  new  elements  were  introduced  there  was  still 
a  ncessity  for  genuine  analytic  learning.  Much  of  this  analysis 
continued  to  follow  or  accompany  manipulation,  but  a  gradually 
increasing  proportion  was  performed  in  ideational  terms,  largely 
by  the  sort  of  ideational  trial  and  error  already  described.  Thuis 
with  increasing  acquaintance  with  the  materials  we  find  a  con- 
tinual receding  of  activity  from  overt  trial-and-error  manipula- 
tion to  a  very  similar  sort  of  process  carried  on  in  ideational 
terms,  which  in  turn  gives  way  to  general  ideas  that  have  evolved 
gradually  by  the  bringing  together  of  similar  elements  in  asso- 
ciation with  general  symbols.  In  the  later  series  all  three  of  these 
factors  were  almost  constantly  in  operation. 

4.  Summary 
After  the  range  of  perceptual  solutions  was  passed  various 
elements  of  the  problematic  situation  were  gradually  abstracted 
and  associated  with  verbal  symbols.     The  type  or  combination 
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of  types  of  elements  so  abstracted  differed  largely  for  different 
subjects  and  in  different  periods  of  the  work  of  the  same  sub- 
ject. The  type  of  elements  abstracted  was  shown  to  vary  in  ac- 
cordance with  the  speed  of  reaction.  Frequency  of  reaction  to 
various  elements  and  their  nearness  to  a  goal,  were  shown  to  be 
closely  correlated  wtth  the  order  of  their  abstraction.  Large 
differences  in  the  degjee  of  explicitness  of  analysis  were  ob- 
served, and  there  was  found  to  be  a  somewhat  gradual  develop- 
ment from  vague  to  clear  and  explicit  states  of  analysis.  The 
extent  of  analysis  varied  with  different  subjects  and  at  different 
stages  of  the  learning  process,  but,analysis  usually  occurred  first 
in  isolated  spots  and  spread  from  theSb-toother  portions  of  the 
series.  The  time  relations  of  ideational  analysis  and  manipula- 
tion varied  greatly.  In  general,  manipulation  T)receded  analysis 
in  the  first  few  series,  and  persisted  throughout  the  greater  por- 
tion of  the  learning  process  as  an  important  method  of  procedure. 
Gradually,  however,  as  acquaintance  with  the  elements  of  the 
situation  grew,  overt  trial  and  error  was  replaced  by  a  very 
similar  sort  of  ideational  manipulation  which,  in  turn,  tended  to 
give  way  to  general  ideas. 

E.  Generalization 
In  the  preceding  section  attention  was  directed  ^principally  to 
the  abstraction  of  the  elements  of  the  problems  presented  for  so- 
lution. As  was  shown  in  several  instances,  however,  such  ele- 
ments as  are  abstracted  do  not  remain  in  their  early  state  of  rela- 
tive isolation  during  the  entire  course  of  analysis,  but  tend  to 
combine  into  higher  units  which  become  associated  with  appro- 
priate symbols  and  take  on  general  meanings.  This  process  of 
generalization  and  the  resulting  general  ideas  will  be  the  subject 
of  discussion  in  the  present  section. 

I.  Relative  Absence  of  Generalization  in  the  Perceptual  Stage 

Mention  has  already  been  made  of  the  apparent  lack  of  gener- 
alization during  the  period  of  perceptual  solutions.  Practically 
no  comments  were  made  during  this  period,  which  would  seem 
to  indicate  any  attempts  at  generalization.     Moreover,  when  a 
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subject  did  finally  attempt  to  generalize,  those  numbers  which 
are  well  within  the  range  of  perceptual  control  were  rarely  taken 
into  account,  though  they  had  been  more  often  repeated  than  any 
of  the  higher  numbers.  Only  two  of  the  fourteen  subjects  of 
Group  I  noticed,  with  sufficient  clearness  to  mention  the  fact, 
that  3  is  a  critical  number,  until  attention  was  directed  to  it  by 
their  final  generalizations  which  were  based  upon  higher  num- 
bers. Some  of  the  subjects  were  very  much  surprised  that  this 
fact  had  so  long  escaped  their  attention.  The  first  important 
landmaric  mentioned  by  eleven  of  the  subjects  of  this  group  was 
6,  and  this  was  generally  mentioned  not  earlier  than  the  last 
trial  on  9  beads,  sometimes  not  until  much  later. . 

But  this  failure  to  recognize  the  status  of  lower  numbers  in 
the  abstract  does  not  preclude  recognition  of  the  critical  or  non- 
critical  character  of  the  concrete  situations  for  which  they  stand. 
In  fact,  the  situation  which  is  represented  by  the  critial  number 
3,  was  almost  invariably  the  first  to  be  reognized  in  the  concrete 
as  critical.  This  fact  is  shown  in  Table  VIII  where  the  realiza- 
tion of  the  impossibility  of  winning  3  is  shown  to  have  been  the 
first  step  taken  by  ten  of  the  twelve  subjects  of  Group  III  in  the 
abstraction  of  critical  numbers.  Table  IX,  however,  shows  that 
3  was  explicitly  mentioned  as  a  critical  number  before  6  was  so 
mentioned,  by  only  2  of  the  twelve  subjects.  The  failure  of  sub- 
jects to  utilize  numbers  below  6  along  with  higher  numbers  as  a 
basis  for  generalization,  is  not,  therefore,  due  to  the  difficulty  of 
recognizing  their  status  in  the  concrete  but  rather  to  the  ease  of 
such  recognition,  which  made  it  unnecessary  to  associate  these 
situations  with  verbal  symbols. 

2.  Development  of  the  Concept  of  the  Critical  Number 
Though  the  concept  of  the  critical  number  seems  to  be  a  very 
simple  affair,  its  development  required  the  expenditure  of  a  con- 
siderable amount  of  time  and  effort  on  the  part  of  the  subject. 
To  facilitate  the  description  of  this  development  we  may  divide 
it  into  the  following  seven  stages: 

Stage  A. — ^The  first  appearance  in  explicit  form  of  the  criti- 
cal-number idea  was  at  the  point  where  the  subject  discovered 
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that  he  could  not  win  6  beads.  But  this  was  straightway  forgot- 
ten in  most  cases,  or  at  any  rate  failed  to  function  in  slightly 
new  situations.  Similarly,  the  impossibility  of  winning  9,  12, 
etc.  was  later  discovered  without  a  full  realization  of  the  signi- 
ficance of  these  numbers  at  the  time.  This  first  discovery  of  the 
impossibility  of  winning  a  number  constitutes  the  first  stage  in 
the  growth  of  the  concept  of  the  critical  number.  Critical  num- 
bers in  this  stage  stand  out  in  comparative  isolation. 

Stage  B. — Since  the  subject  was  required  to  draw  first  in  everj' 
trial,  it  was  impossible  to  compel  him  to  draw  from  a  given 
critical  number  in  any  trial  in  which  the  inital  number  of  bead^ 
was  only  i  greater  than  the  crtical  number  in  question.  There- 
fore during  the  solution  of  the  next  higher  number  in  the  series 
the  recently  discovered  critical  number  was  usually  forgotten. 
Its  re-discovery  after  more  or  less  delay  constitutes  the  second 
stage  in  the  development  of  the  concept.  Here  the  individual 
critical  number  is  recognized  as  an  element  of  all  problems  of 
the  series;  e.g.,  6  is  recognized  as  critical  regardless  of  what 
may  have  been  the  initial  number  of  beads  presented  in  the  trial. 

Stage  C — At  this  stage  the  relationship  between  two  or  more 
critical  numbers  in  Stage  B,  or  perhaps  in  Stages  A  and  B,  was 
discovered;  as,  "I  cannot  win  9  because  you  can  always  reduce 
me  to  6";  or,  "I  cannot  win  12  because  I  lose  6,  and  12  is  com- 
posed of  two  6's,"  etc.  Here  the  critical  numbers  are  not  only 
recognized  as  critical  in  all  problems  of  the  series,  but  they  are 
associated  with  each  other  in  more  or  less  definite  relations. 

Stage  D. — The  fourth  stage  consists  in  the  discovery  of  the 
fact  that  the  subject  cannot  win  any  multiple  of  3.  All  critical 
numbers  are  recognized  as  critical  and  all  are  associated  with  a 
common  symbol. 

Stage  E. — The  foregoing  stages  all  deal  with  the  critical  num- 
bers as  related  to  the  subject's  recognition  of  the  possibility  of 
success.  A  somewhat  similar  development  may  be  observed  in 
his  utilization  of  the  critical-number  idea  as  a  means  of  control 
in  the  achievement  of  success.  Thus  it  often  happened  that  a 
subject  discovered  the  possibility  of  winning  by  reducing  the 
number  of  beads  to  6  and  so  forcing  the  experimenter  to  draw 
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from  it,  long  before  learning  that  the  same  procedure  applied  to 
the  higher  critical  numbers  would  bring  the  same  results.  In 
this  stage  one  particular  number  is  recognized  as  critical  for  the 
one  who  draws  first. 

Stage  F, — In  Stage  F  two  or  more  critical  numbers  are  recog- 
nized as  having  this  broader  significance. 

Stage  G. — Here  all  critical  numbers  are  recognized  as  critical 
for  the  one  who  draws  first. 

It  must  not  be  supposed  that  learning  progressed  with  perfect 
regularity  from  stage  to  stage  in  exactly  the  foregoing  order, 
or  that  all  of  the  stages  were  distinguishable  in  the  progress  of 
every  subject.  They  do,  however,  occur  separately  in  the  ma- 
jority of  cases,  and  in  some  instances  in  the  exact  order  named. 
The  following  comments  of  subjects  will  serve  to  illustrate  this 
development.  They  are  all  taken  from  Series  1-2.  The  stage  of 
development  of  the  concept,  as  inferred  from  each  comment,  is 
indicated  in  parentheses.  The  portion  of  the  series  in  which  the 
comment  occurred  is  in  each  case  indicated  at  the  left.  12b,  12, 
for  example,  signifies  that  the  first  comment  occurred  during 
the  twelfth  trial  on  12  beads. 

Subject  vii 
12b,  12:     "You  always  manage  to  leave  tne  6."  (6) 
"     26:     "I  can't  win  12  because  you  can  always  reduce  it  to  6;  12  is  two 

6's."  (C) 
15b,  11:     "You  reduce  it  to  6  every  time."  (B) 
"     22:     "You  always  manage  to  get  to  6;  I  don't  know  how  I  am  going 

to  prevent  you."  (B) 
"     24:     "There  are  12  left;  I  can't  do  much  with  that."  (B) 
"     24:     "There  are  9  left;  I  haven't  been  able  to  win  any  9's."  (B) 
i8b,    8:     "Evidently  this  is  one  that  you  don't  expect  me  to  take  because 

you  throw  it  into  the  6's."  (C) 
"       9:     "Your  idea  is  to  balance  my  moves  so  as  to  make  it  6;  and  9  is 

just  as  good  for  you."  (B) 
"     15:     "You  draw  2  when  I  draw  i  and  i  when  I  draw  2,  so  that  we 
reduce  it  by  3's;  i.e.,  we  are  drawing  them  out  by  multiples  of 

3."  (C) 

"     16:     "We  are  drawing  right  down  the  multiples  of  3."  (C) 

"     17:     "This  is  a  multiple  of  6;  I  can't  win  from  6  so  I  can't  win  it"  (C) 

20b,    I :     "The  subject  draws  two  and  is  asked  why.    "I  have  no  reason," 

he  replies.    E  then  draws  2  and  the  subject  takes  i,  explaining: 

"I  draw  that  way  to  keep  it  on  multiples  of  5  rather  than  on 

multiples  of  3,  and  so  to  avoid  12,  9,  and  6."  (C) 
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2:  After  drawing  2  S  says:  "I  can't  win  with  18."  (B)  (E?) 
22b,  9:  "'If  I  have  8  beads  and  take  i,  the  other  fellow  wins.  If  I  take 
2 — Oh  yes,  I  see  why  I  win:  because  I  leave  6.  (E)  ...  I  can't 
win  any  multiple  of  3.  ...  I  can't  carry  it  out;  let  us  go  on." 
(D)  The  subject  is  here  asked  how  he  would  draw  from  59 
beads.  After  some  irrelevant  speculations  he  concludes:  "I 
would  take  2  and  the  other  fellow  couldn't  win  if  I  watched  my 
draws.    I  think  I  would  reduce  him  to  multiples  of  3."  (G) 

Subject  xiii 

"It  depends  on  which  draws  first."  (E?) 

"I  can't  win  when  we  get  to  6.    I  never  have  beaten  on  6."  (B) 

"I  couldn't  win  6;  I  don't  believe  I  can  win  12.  I  harve  been  trying 
to  see  how  to  prevent  you  from  leaving  me  6.  Double  it  and  it 
is  the  same.    It  would  be  the  same  on  all  multiples  of  6."  (C) 

"I  can't  beat  you  on  this ;  it  goes  by  3's.  /  have  forgotten  whether 
I  beat  you  on  3.  6  is  the  first  I  fell  down  on,  isn't  it?  I  don't 
know  about  9."  (D) 

"I  can't  beat  you  on  16— Oh  no,  it  was  18  I  lost.  (B)  If  it  is  20 
and  I  draw  first,  I  win;  but  if  you  draw  first,  I  lose.  Let  me 
see,  I  didn't  beat  you  on  18.    If  you  draw  first  on  18,  I  win."  (F) 

"I  don't  believe  I  can  beat  18,  12,  or  9,  or  6.  It  must  be  multiples 
of  6  I  can't  win."  (C)  (D?) 

"When  I  get  26,  I  see  that  by  drawing  2  first  I  can  give  you  24, 
and  I  can  therefore  win."  (F) 

"I  don't  believe  I  can  win.  You  make  me  draw  on  24  no  matter 
how  I  move.  It  must  be  multiples  of  3,  i.e.,  3,  6,  9,  12,  15,  18, 
etc.  That's  what  it  is!  (D)  It  depends  on  who  draws  first. 
There  are  certain  numbers  that  the  one  who  draws  first  can  win 
and  others  that  his  opponent  can  win.  (G)  .  .  .  After  your  first 
draw,  i.e.,  after  you  get  it  to  that  number,  draw  opposites."  The 
subject  is  here  asked  how  he  would  draw  from  59  beads  and 
replies:  "I  would  take  i  and,  provided  you  take  2  every  time — 
let  me  see,  there  may  be  another  element  there.  I  must  draw  i 
first  on  the  odd  numbers  which  I  can  win  and  2  on  the  even 
numbers  that  I  can  win.  But  I  am  not  certain  yet" 
28b,    3:     "It  k>oks  like  it  is  even  numbers  that  I  draw  i  on;  and  on  odd 

numbers  I  draw  2  perhaps." 
29b,    i:     "That's  the  way  it  is.    3's  I  can't  win,  and  multiples  of  3.   (D) 
4  and  5  I  win ;  7  and  8  I  win ;  10  and  12  I  win,  etc.    So  on  even 
ntunbers  I  draw  i  and  on  odd  numbers  I  draw  2,  and  the  oppo- 
site after  the  first  draw." 
31b,    I :     "My  scheme  didn't  work !" 
"      2:     "I  have  missed  something  there." 

"  3:  "It  is  a  question  of  making  you  draw  first  on  the  multiples  of  3. 
I  didn't  draw  2  here  so  that  was  Wrong  (i.e.,  his  idea  that  he 
must  draw  2  from  odd  numbers,  etc.).  It  is  a  question  of  what 
to  draw  so  as  to  make  you  draw  first  on  a  multiple  of  3."  (G) 
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Subject  xii 
9b,    o:     "The  (first  I  couldn't  win  was  6,  wasn't  it?    This  is  9." 
**      8:     "Is  it  possible  that  with  6  or  multiples  of  6,  such  as  9  and  12, 
one  can't  get  any  results?  that  is,  on  all  multiples  of  3?   (D) 
...  In  all  cases  of  multiples  of  3  I  am  going  to  assume  that  I 
can't  get  any  results." 

12b,  9:  "I  am  positive  I  can't  get  this.  I  always  begin  with  6  (B). 
.  .  .  /  came  back  to  the  original  hypothesis  and  thought  of  6  as 
a  multiple  of  3."  (D)  S  is  here  asked  how  he  would  draw  from 
59  beads.  His  reply  shows  that  he  has  failed  utterly  to  realize 
the  significance  of  his  idea  of  multiples  of  3  for  the  achieve- 
ment of  success:  "Well,  I  w6uld  eliminate  the  beads  until  I 
got  my  first  draw  on  4  or  5." 

14b,  6:  "When  there  are  6  and  it  is  my  turn  to  draw,  you  can  always 
win."  (B)  The  subject  does  not  realize  yet  that  9  and  12  are 
also  critical  numbers. 

"You  can  always  make  up  the  deficiency  so  as  to  take  away  an 
even  number  and  leave  6."  (B) 

"I  am  going  to  try  out  that  hypothesis  again,  that  any  number 
which  is  a  multiple  of  3  precludes  any  possibility  of  success  for 
me."  (D) 

"Whenever  a  number  is  a  multiple  of  3,  it  is  useless  for  me  ta 
try  it."   (D) 

"When  it  gets  to  9,  I  lose.  (B).  In  this  case  I  am  working  on  the 
first  7  out  of  16." 

**It  seems  to  revolve  about  the  start." 

"No  matter  how  I  move  you  can  always  bring  me  to  9.  I  lose 
12  too."  (B) 

"I'll  bet  a  cow  I  can't  win  i8w"    S  is  here  asked  how  he  would 
draw  from  59  beads,  and  replies :    "I  couldn't  get  it." 
"I  lose  multiples  of  3."  (D).    When  asked  how  he  would  draw 
from  61   beads,  he  says:     "I   would  draw  2.     (Why  2?)     To 
get  to  59  and  bridge  over  60.  (E?) 

22b,  i:  "Well,  I  lose  and  I  thought  I  had  it  cinched."  The  subject  later 
stated  that  he  took  2  beads  at  the  first  draw  in  this  trial  in  order 
to  "bridge  over"  21. 

22b,  2:  "I  see  my  mistake.  I  took  2  and  you  2  leaiving  18,  another  multi- 
ple of  3."  (D) 

24b,    o:     "I'll  pass  it  up."  (D) 

25b,  I :  "That  was  foolish.  I  took  2  and  allowed  you  to  reduce  it  21,  a 
multiple  of  3,  and  I  lose."  (D) 

27b,    o:     "I'll  pass  it  up."  (D) 

30b,  o:  "I'll  pass  it  up."  (D).  The  subject  was  asked  how  he  would 
draw  from  82  beads.  He  replied:  "I  would  take  i.  No,  I 
would  take  2,  because  that  would  throw  me  off  the  multiple  of 
3  again."  (E?)  From  67  beads  he  said  he  would  take  i  "to 
avoid  66,  a  multiple  of  3."  (D).     This  subject  did  not  advance 
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beyond  Stage  D  in  Series  1-2,  although  he  seemed  at  the  point 
of  making  the  larger  generalizations  at  several  times. 

Subject  i 

9b,    5:     "I  cannot  beat  you  at  9.     No  matter  how  I  draw  you  can  take 

such  a  number  as  to  reduce  me  to  6  which  I  can't  win."  (B) 
lib,    0:     "Now  if  I  knew  what  my  winning  numbers  were  for  7,  8,  9,  and 
4,  and  5,  I  think  I  could  win." 

"      4:     "Did  I  win  6  before?    I  don't  think  so."  (B) 

"  6:  "You  reduce  it  to  6  no  matter  how  I  draw,  and  6  is  impossi- 
ble." (B) 

"  7:  "The  first  party  can't  solve  11  if  his  opponent  reduces  the  num- 
ber to  6  (E).  I  have  it.  .  .  .  If  I  can  prevent  you  from  re- 
ducing the  number  to  6,  I  can  win." 
12b,  3:  "It  reduces  itself  to  this:  Can  I  prevent  you  from  reducing  it 
to  6?  You  can  leave  6  irrespective  of  what  my  move  is.  Twelve 
is  composed  of  two  6*s."  (C) 
13b,  I :  "Now  I  want  to  prevent  you  from  getting  6  or  12,  so  I  must 
necessarily  start  with  2  (E?).  (S  draws  2  and  E  i)  Nine 
beads.  There  you  haore  got  me  because  I  take  i  and  you  2  and 
leave  me  6,  or  I  take  2  and  you  i  and  leave  me  6."  (C) 

"  2:  "I'll  take  the  other  chance  and  start  with  i.  No  there  is  no  use 
because  I  would  be  leaving  you  12.  Well,  as  far  as  I  can  see 
my  only  chance  is  to  start  with  2,  but  even  then  you  can  reduce 
me  to  6  if  I  am  not  mistaken. 

"  3:  "It  seems  to  me  that  I  lose.  If  I  take  i,  you  have  12  and  win; 
if  I  take  2,  you  can  bring  it  down  to  9  and  hence  to  6  (C).  If 
you  can  reduce  me  to  6  or  12  no  matter  how  I  draw,  why  I 
lose,  that  is  certain.  Let's  see  if  I  can  beat  you  on  6.  .  .  . 
No  I  can't  beat  you  on  6,  that  is  evident.  I  have  an  idea  that 
it  is  multiples  of  3  you  win."  (D)  When  asked  how  he  would 
draw  from  59  beads,  he  replies:  "56  is  the  nearest  multiple  of 
3  to  59.  If  you  could  reduce  it  to  57,  you  would  have  me.  There 
again  I  can't  move  so  as  to  prevent  you.  If  I  took  i,  you  would 
take  I  and  leave  me  57.  If  I  took  2 — Oh  yes!  If  I  moved  2 
and  followed  it  out  consistently,  I  think  I  would  have  you 
beaten."  (F,  G?)  The  subject  here  stated  that  he  had  a  glimpse 
of  the  right  procedure  at  11  beads,  but  that  some  distraction  or 
other  caused  him  to  lose  sight  of  it  for  a  time. 

Subject  viii 
lib,  20:     "When  there  are  4  and  it  is  E's  draw,  I  can  get  it.    My  problem 

is  to  get  it  reduced  to  4  when  it  is  his  draw.  (]£?) 
12b,  18:     "The  idea  strikes  me  that  this  cannot  be  gotten,  and  also  that  it 

is  a  multiple  of  6  that  cannot  be  beaten."  (C) 
13b,  18:     "First  I  wanted  to  get  4  beads  with  my  draw;  I  later  found  that 

I  would  have  to  work  not   from  4  but   from   5.  .  .  .  Later   I 
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changed  it  to  7.  I  thought  I  could  work  down  to  4  from  7, 
and  then  I  began  to  work  from  9.  I  then  found  that  I  would 
have  to  begin  to  check  off  from  the  total;  that  is,  if  there  are 
13  beads,  I  draw  i  and  then  count  12.  .  .  .  My  object  was  to  get 
9  heads  when  it  was  my  draw/'  (E?) 
"  33:  "I  counted  back  to  11  and  worked  it  out  from  11.  Here  /  tried 
to  get  my  opponent  down  to  6  instead  of  myself.    (E) 

14b,  12:  "I  forgot  that  I  was  trying  to  keep  from  getting  6,  and  conse- 
quently for  a  good  while  I  was  trying  to  get  6,  and  not  bein^r 
able  to  win  caused  me  a  good  deal  of  confusion.  I  have  had 
this  mixed  up  for  some  time." 

15b,    7:     "I  am  now  working  on  9  instead  of  6."   (F) 

i6b,  4:  "I  think  that  the  point  of  the  game  is  that  the  one  who  wins 
has  to  have  the  other  one  draw  on  some  multiple  of  3."  (G) 

The  foregoing  comments  of  subjects  are  merely  milestones  in 
their  progress  through  Series  1-2,  yet  if  the  reader  will  refer  to 
the  position  in  the  series  where  each  comment  belongs,  he  will 
appreciate  the  extreme  slowness  with  which  the  simple  meanings 
often  developed  and  the  lack  of  uniformity  in  their  attachment 
to  various  elements  of  the  series.  It  has  already  been  shown 
that  the  lower  critical  numbers  are  usually  wholly  neglected  for 
a  time  after  their  first  discovery  and  that  they  are  later  re-dis- 
covered in  about  the  same  order  as  that  of  their  first  discovery. 
In  general,  each  new  acquisition  of  meaning — each  advance  to  a 
higher  stage  in  the  foregoing  classification- — ^began  with  those 
critical  numbers  above  the  range  of  purely  perceptual  solutions, 
which  had  been  most  often  repeated,  and  spread  to  the  higher 
critical  numbers  much  in  the  order  of  their  frequency  of  occur- 
rence in  the  work  of  the  subject.  Thus  6  was  the  first  critical 
number,  usually,  to  be  re-discovered,  and  also  the  first  to  be 
definitely  associated  with  a  higher  critical  number.  So  also  6 
and  the  immediately  following  critical  numbers  were  usually  the 
elements  between  which  the  multiple-of-three  relationship  was 
first  apprehended  though  higher  critical  numbers  were  at  the 
time  known  to  the  subject.  Likewise  6  was  usually  the  first 
critical  number  to  advance  to  Stage  E,  and  the  higher  critical 
numbers  followed  roughly  in  the  order  of  their  magnitude.  It 
has  already  been  shown  that  the  reactions  of  any  subject  to  a 
lower  critical  number  were  invariably  more  frequent  than  his 
reactions  to  a  higher  one.    Thus  in  the  elevation  of  critical  num- 
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bers  to  higher  levels  of  meaning  frequency  of  repetition  and 
nearness  to  a  goal  appear  to  be  important  factors,  just  as  in  the 
preceding  section  they  were  shown  to  be  factors  in  the  direc- 
tion of  attention  to  the  critical  numbers. 

In  the  elevation  of  critical  numbers  to  higher  levels  of  mean- 
ing there  was,  however,  considerable  deviation  from  the  order 
of  their  frequency  of  repetition.  Thus  12  was  often  taken  up 
into  Stage  C  upon  its  first  discovery  long  before  9  was  re- 
discovered. This  was  clearly  due  to  the  simple  multiple-relation 
existing  between  12  and  6,  by  which  the  associations  already 
built  up  about  the  latter  were  made  to  attach  immediately  to  the 
former.*®  This  spread  of  meaning  through  the  agency  of  pre- 
viously acquired  associations  might  well  be  expected  since  the 
elements  of  our  problems  were  not  only  familiar  to  the  subjects, 
but  were  also  closely  related  in  past  experience.  But  this  calling 
up  of  familiar  concepts  by  association  is  itself  perhaps  dependent 
in  large  measure  on  the  frequency  of  their  previous  repetition  in 
association  with  some  element  of  the  present  situation.  These 
irregularities  in  the  process  of  learning  did  not  greatly  alter  the 
general  character  of  the  learner's  prepress  in  the  early  stages  of 
learning.  The  generalization  of  the  formula  for  Series  1-2  into 
a  suitable  formula  for  all  series  of  the  first  order'*^  required  from 
I  to  6  further  series  for  its  completion;  and  the  generalization 
of  the  latter  formula  so  as  to  make  it  cover  all  continuous  series" 
required  from  2  to  10  additional  series.  It  is  therefore  evident, 
notwithstanding  frequent  rapid  advances  by  means  of  familiar 
concepts  which  were  brought  in  by  means  of  association,  that 
the  development  of  meaning  was  a  rather  slow  and  fluctuating 
affair,  presenting  some  striking  parallels  to  the  formation  of 
sensori-motor  co-ordinations. 

Another  fact  of  interest,  which  is  exemplified  in  some  of  the 

comments  listed  above,  is  the  fleeting  and  unstable  character  of 

meanings  in  the  early  stages  of  their  development.     Individual 

critical  numbers  and  generalizations  based  upon  them  were  given 

^•For   example,   see  the    foregoing  comments   under    Subject   i,    12b,   3; 
Subject  vii,  12b,  26;  and  Subject  xiii,  12b,  36. 
•<^  Series  in  which  the  value  of  L  is  i. 
*i  Series  in  which  all  numbers  between  L  and  H  may  be  drawn. 
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to  slipping  out  of  mind  and  to  various  distortions  of  meaning, 
which  clearly  reveal  the  weakness  or  utter  lack  of  association 
with  other  elements  of  the  situation.  Thus  Subject  i,  while 
working  upon  his  seventh  trial  with  ii  beads,  appears  to  have 
had  a  fleeting  insight  into  the  significance  of  critical  numbers  as 
a  means  of  actual  control.  Several  other  subjects  spoke  of  a 
similar  tendency  for  promising  ideas  to  vanish  during  the  at- 
tempt to  formulate  or  apply  them.  Sometimes  a  critical  number 
would  be  recognized  and  remembered  well  enough,  but  with  an 
inversion  of  meaning  somewhat  comparable  to  the  reversals  of 
perspective  in  ambiguous  drawings.  Thus  Subject  xiv  (lib, 
29)  said:  "Whenever  I  win,  I  always  have  to  leave  3  beads; 
that  is,  there  must  be  3  beads  before  I  take  my  last  draw."  This 
sort  of  inversion  of  meaning  often  occurred  shortly  before  the 
appearance  of  Stage  E  in  the  development  of  the  concept  of  the 
critical  number.  After  trying  for  some  time  at  this  point  to 
get  to  draw  from  6  beads  subject  viii  said :  "I  forgot  I  was  try- 
ing to  keep  from  getting  6,  and  consequently  for  a  good  while 
I  was  trying  to  get  6."  Another  instance  is  found  in  the  com- 
ments of  Subject  i  quoted  above  (13b,  i).  Similarly  the  idea 
of  the  significance  of  multiples  of  3  often  dawned  and  was  lost, 
later  to  reappear,  perhaps  several  times,  before  finally  being  ap- 
plied in  a  thoroughgoing  way  with  a  full  realization  of  its  sig- 
nificance. Examples  of  the  early  instability  of  this  idea  are 
found  in  the  comments  listed  above  as  follows:  vii,  i8b-22b;  xii, 
9b-30b,  and  xiii,  I5b-27b.  In  tracing  the  further  consolidation 
of  the  various  elements  of  the  concept  of  the  critical  number 
through  succeeding  series  of  problems,  it  is  found  that  they  are 
often  thrown  out  of  co-ordination  by  the  appearance  of  some  new 
element  which  requires  adjustment  and  further  generalization, 
or  by  the  recall  of  some  old  hypothesis  which  has  not  been  satis- 
factorily disposed  of. 

The  interference  of  old  and  erroneous  hypotheses  with  the 
formatioh  and  stability  of  correct  generalizations,  is  worthy  of 
further  attention.  The  comments  of  Subject  xiii,  quoted  above 
(27b,  2),  show  how  the  idea  that  odd  and  even  numbers  were 
possessed  of  special  significance,  came  in  to  confuse  him  after 
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he  had  made  a  perfectly  good  generalization.  This  subject  had 
played  somewhat  with  the  idea  of  odd  and  even  numbers  much 
earlier  in  the  series,  but  during  the  greater  portion  of  the  work 
he  seems  entirely  to  have  dismissed  the  idea,  making  no  mention 
of  it  at  all.  The  very  common  interference  of  erroneous  hy- 
potheses and  irrelevant  ideas  which  have  once  received  attention 
without  being  definitely  settled,  will  be  further  illustrated  in  the 
following  paragraphs  on  trial  and  error  in  generalization. 

3.  Random  Hypotheses 
Having  observed  the  slow  growth  of  meanings  and  their  in- 
stability in  the  early  stages  of  development,  we  may  turn  briefly 
to  the  manner  in  which  the  elements  of  a  situation  were  brought 
together  and  combined  into  adequate  generalizations.  It  rarely 
happened  in  the  early  members  of  a  group  of  series  that  the 
essential  elements  were  directly  sought  out  and  held  in  mind 
without  attempts  at  generalization  until  sufficient  data  were  at 
hand  to  insure  correct  inference  at  once.  This  type  of  procedure 
was  followed  apparently  by  one  of  our  subjects  in  Series  1-2, 
but  was  not  carried  out  consistently  in  all  later  series.  The  work 
of  all  other  subjects  in  the  first  series  showed  some  loss  or  omis- 
sion of  essential  data  with  consequent  erroneous  generalizations. 
These  random  hypotheses  were  often  numerous  and  far  afield. 
The  rate  of  progress  depended  very  much  upon  the  thoroughness 
with  which  they  were  followed  up  and  tested.  Because  of  the 
unusual  fullness  of  his  comments  the  work  of  Subject  xiv  will 
be  taken  to  illustrate  the  random  efforts  at  generalization  in  the 
first  series.  The  place  in  the  series  at  which  each  comment  oc- 
curred will  be  indicated  in  the  manner  already  familiar  to  the 
reader. 

gb,    3:     "You  can  always  win  if  you  draw  the  same  as  I." 
lib,  20:     "If,  with  an  odd  number,  you  take  an  even  number,  I  can  always 

beat  you  if  I  work  it  right." 
"     36:     "Whenever  I  get  a  combination  by  which  I  can  win,  thereafter  I 

must  reverse  when  you  reverse  in  order  to  win." 
15b,    6:     "I  win  some  odds  and  some  evens." 

"       7:     "I  draw  another  conclusion,  that  my  principle  is  not  to  follow 
you." 
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"Neither  is  it  to  draw  opposite  from  you." 
"Neither  is  it  to  alternate  with  you." 

"I  can  always  beat  you  on  even  numbers;  I  don't  think  I  can 
beat  you  on  any  odds." 

"There  must  always  be  3  beads  when  you  draw  last." 
"As  long  as  you  draw  opposite  to  me  I  can't  win  18." 
"You  win  odd  numbers  by  taking  the  opposite  of  my  draw." 
"The  principle  of  alternation  will  not  work  with  the  even  numbers." 
"Even  and  odd  numbers  is  not  the  criterion." 
"There  must  be  some  relation  between  the  total  number  of  beads 
and  the  number  of  draws." 
"     13:     "When  I  win,  the  critical  draw  is  the  second  or  no  later."     For 
some  time  after  this  the  subject's  attention  was  absorbed  in  the 
number  of  beads  he  obtained  in  each  trial. 

31b,  12:     "I  haven't  kept  track  of  the  numbers  I  won  and  those  I  lost." 

32b  I :  "To  win  an  odd  number  of  beads  I  draw  an  odd  number."  Here 
again  the  subject's  attention  is  absorbed  for  some  time  in  the 
number  of  draws  and  of  beads  obtained  in  each  trial. 

34b,  21 :  "2  from  34  leaves  32,  Now  if  I  draw  i  always  and  you  2,  I  would 
leave  even  numbers."   ( !) 

36b,    I :     "It  seems  that  I  can't  win  every  third  time." 

37b,  4:  "Of  course  I  know  you  are  going  to  take  2  all  the  time  and  I'll 
take  I,  but  I  don't  know  how  it  will  come  out." 

40b,  I :  "I  will  beat  you  but  I  can't  say  how  with  any  degree  of  certainty, 
ril  beat  you  twice  and  then  you  will  beat  me  once.  I  notice  that 
the  numbers  upon  which  you  beat  me  are  always  divisible  by  3." 
The  subject  is  asked  how  he  would  draw  from  59  beads  and  re- 
plies that  he  cannot  tell.  He  then  figures  slowly  but  correctly  to 
59,  after  which  he  is  asked  how  he  would  draw  from  1004  beads. 
"I  couldn't  figure  that  up,"  he  said,  "I  may  win  even  numbers 
and  you  odd  numbers.  No,  I  won  37.  It  may  be  numbers  that 
are  divisible  by  2.  No,  I  don't  get  it.  ,  .  .  It  might  be  that  you 
allow  me  to  beat  you  on  all  numbers  that  are  divisible  by  a 
certain  number,  but  it  isn't  by  2  and  it  isn't  by  3  or  4.  ...  I 
have  never  figured  out  this  drawing  business;  I  do  it  wholly  ac- 
cording to  my  feeling.  But  I  watch  the  way  you  draw  on  your 
second  draw  and  then  take  the  opposite.  ...  I  am  not  sure  what 
is  the  criterion,  whether  it  is  your  first  two  draws  or  my  first 
two." 

40b,  5:  "I  ought  to  have  noticed  that  3-matter  long  before  because  1 
noticed  so  often  that  we  drew  i  and  2." 

41b,    4:     "I  knew  I  could  beat;  I  had  3  beads  after  my  second  draw." 

42b,  I :  "I  can't  beat  you  on  42,  it  is  divisible  by  3.  I  know  what  you 
can  beat  me  on  but  I  don't  know  why." 

43b,  4:  "They  go  in  pairs.  I  can  beat  you  on  43  if  I  take  2  the  first 
time  (He  loses).  You  haven't  arbitrarily  made  up  your  mind 
not  to  let  me  beat  you  the  first  time,  have  you?" 
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"  8 :  "When  I  win  I  guess  I  must  draw  2  the  first  time ;  but  I  can't  win 
that  way,  because  I've  tried  it  and  failed.  .  .  .  But  if  you  hap- 
pen to  be  drawing  the  opposite  of  what  I  draw  the  second  time, 
ril  beat  you.  .  .  .  FU  take  2  and  then  you'll  let  me  beat  you." 
"  9:  "Well,  I  thought  all  I  had  to  do  to  beat  you  the  second  time  was 
to  reverse  what  I  did  the  first.  I  see,  evidently  I  have  to  start 
out  with  the  same  number  in  order  to  beat  you  on  a  given  num- 
ber." 
"     10:     "Three  from  43  leaves  40.    All  right,  I  have  it    I  have  an  even 

number;  I'll  take  2." 
"     12:     "I  had   15  draws — Oh  yes,  that  is  all  right.     I  was  thinking  I 
could  get  out  by  leaving  an  odd  number  of  beads." 
44b,    I :     The  subject  takes  2  and  wins.    "That  confirms  my  rule,"  he  says. 
45b,    o:     "I  can't  win  45." 
46b,    I :     "I  can  win  46.     I'll  have  to  start  with  2.    Yes,  I  must  or  I  can't 

win,  I  believe," 
"  3:  S  draws  i  and  wins.  "On  the  numbers  on  which  I  can  beat 
you,"  he  says,  "I  have  to  start  out  with  i." 
47b,  i:  "I  can  beat  you  on  this.  .  .  .  Well,  that  rule  didn't  work  (i.e., 
that  S  must  always  draw  i  first  to  win).  Well,  maybe  the  rule 
is  that  one  time  I  draw  i  in  order  to  win  and  the  next  time  I 
draw  2  to  win." 

"Did  I  win  47  by  drawing  i?  No,  I  won  it  by  taking  2.  Then  I 
can't  win  48,  of  course." 

"I'll  draw  here  on  the  hypothesis  that  on  the  first  one  after  the 
number  I  lose,  I  can  win  by  taking  i,  and  on  the  second  after  it 
I  must  start  with  2  to  win." 

"It  worked.  Now  this  time  I'll  start  with  2  (S  loses).  No,  that 
isn't  right." 

"Now  I'll  start  with  2  and  beat  you."    Here  the  subject  is  taken 
back  to  the  beginning  of  the  series. 
(S  takes  2  and  loses)  "Now  that's  funny." 
"I'll  take  I  to  start  with." 

S  takes  2  and  loses.    "IVe  got  to  start  out  with  i  on  7,"  he  ob- 
serves, "and  there  is  a  lot  of  other  numbers  on  which  I  have 
found  that  I  must  start  with  i." 
"I'll  try  2  just  to  see.    No,  I'll  try  i." 

"Why  isn't  the  rule  that  on  the  even  numbers  I've  got  to  start 
with  2?" 

"Yes,  that's  the  rule." 

"Oh,  I  can't  beat  you  on  9,  and  on  10  I've  got  to  start  ivith  2** 
"Oh!  I  mustn't  take  2  the  first  time;  I  must  take  i." 
"I  believe  my  hypothesis  was  right  about  there  being  first  the  i- 
draw  and  then  the  2-draw.    On  4  I  had  to  draw — I  forget  just 
how  I  did  draw  on  4.     On  10  I  drew  i  and  on  11  I  took  2.    1 
think  I  must  take  2  on  11." 
12b,    0:     "I  can't  win  12;  it  is  a  multiple  of  3." 
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15b,    o:     "I  can't  get  it." 
i6b,    o:     "Now  Til  take  i." 

17b,    I :     "I'll  draw  2."    The  subject  was  then  asked  how  he  would  draw 
from  59  beads.     **Why,"  he  said,  "it  goes  this  way.     I  draw  i 
first,  then  you  draw  2  and  I  keep  on  with  i.    Then  I  beat  you. 
The  next  time'*  I  start  with  2  and  you  start  with  i,  and  I  keep 
on  with  2  and  win.    But  I  can't  tell  how  a  given  number  must 
be  drawn  on.    I  just  know  that  it  goes  along  i  and  2.    What  is 
this  number?  (17)     Well,  on  17  I  had  to  draw  2  didn't  I?    Well, 
I  should  guess  that  on  59  I  should  start  with  2,  and  then  you 
would  draw  i  and  I  would  continue  with  2.     (Why?)     The  only 
reason  I  say  that  is  that  it  is  just  before  60,  and  60  b  a  number 
that  you  beat  me  on  just  as  you  do  on  18.    Seventeen  is  just  be- 
fore 18  and  59  is  just  before  60."    In  reply  to  a  question  as  to 
how  he  would  draw  from  43  beads  the  subject  said:     "I  would 
draw  I  on  43,  because  on  42  I  couldn't  beat  you,  and  with  the 
numbers  following  those  on  which  I  can't  beat  you  I  must  al- 
ways start  out  on  i." 
The  random  making  of  hypotheses  upon  the  basis  of  momen- 
tary suggestions  is  here  too  evident  to  require  further  comment. 
Examples  might  be  produced  almost  indefinitely  from  Series  1-2. 
A  few  examples  from  higher  series  and  from  the  efforts  of  sub- 
jects to  get  a  generalization  of  universal  application  for  all  series 
will  perhaps  be  worth  while. 

The  following  evidences  of  random  hypothesis-making  are 
taken  from  the  record  of  Subject  viii.  In  attacking  Series  2-3 
this  subject  fluctuated  a  good  deal  among  a  number  of  hypothe- 
ses, as  is  shown  in  his  comments : 

7b,    2:     "I  think  now  that  I  will  win  on  the  basis  of  7,  i.e.,  I  will  try  al- 
ways to  draw  so  that  there  will  be  7  left  to  draw  from." 
8b,    2:     "It  appears  that  I  can  win  on  a  basis  of  5." 
9b,    2:     "It  appears  that  7  doesn't  work." 

3 :     "It  doesn't  work.    I  forgot  about  the  i." 
"       6:     "It  will  work  on  a  basis  of  6  as  well  as  of  5,  i.e.,  on  multiples  of 
both  3  and  2,  I  believe.    But  I  am  not  certain." 
**  Note  the  possibility  of  confusion  in  the  phrase,  "next  time."     It  may 
mean  the  next  trial  upon  the  same  number  or  it  may  mean  the  next  higher 
number.     These  two  meanings  fluctuate  in  the  mind  of  the  subject,  owing 
perhaps  to  the  ambiguous  wording.    The  same  ambiguous  wording  appears  in 
the  comments  of  this  subject  at  47b,  i   (p.  94),  though  here  it  is  clear  that 
the  subject  has  the  correct  idea  in  mind.    But  it  is  the  wording  rather  than 
the  idea,  that  functions  in  the  immediately  following  problems   (47b,  i  to 
7b,  3)  in  such  a  manner  as  to  produce  a  number  of  errors.     Several  other 
instances  were  found  of  ambiguous  wording  which  led  other  subjects  into 
confusion  and  error. 
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15b,    3:     "I  am  a  little  in  doubt  about  the  multiple  of  3  and  2.    It  doesn't 

seem  to  work." 
20b,    3:     "Twenty  can't  be  worked.    I  didn't  think  of  that  multiple  until  I 

had  worked  for  a  long  time.    It  is  a  multiple  of  5." 
2ib»    I :     "Sometimes  the  multiple  of  3  works  and  sometimes  it  doesn't. 

Either  a  multiple  of  2  or  a  multiple  of  3" 
2ib,    5 :     "At  ifirst  I  thought  I  could  work  on  the  basis  of  2  or  3,  but  one 

of  the  multiples  of  3  didn't  come  out  right.    I  almost  think  now 

that  I  made  a  mistake  and  that  I  can't  work  on  this  basis." 
26b,    2:     "That  hypothesis  couldn't  have  been  right  because  12  is  a  multiple 

of  both  2  and  3  (S  won  12  repeatedly),  so  I  have  given  that  up." 

The  subject  was  tormented  by  these  and  numerous  other  hy- 
potheses until  he  had  solved  all  of  the  numbers  of  this  series  from 
6  to  51  and  then  repeated  the  process  up  to  29  beads. 

Perhaps  the  most  striking  exhibition  of  this  sort  of  random 
effort  was  found  in  the  attempts  of  subjects  to  formulate  a  gen- 
eral solution  for  all  series.  Here  it  was  usually  necessary  to  give 
them  a  list  of  the  critical  numbers  of  all  discontinuous  series  in 
order  to  refresh  their  memories."  All  of  the  subjects  had  made 
some  discoveries,  as  for  example,  that  all  multiples  of  L  +  H 
are  critical  numbers.  The  generality  of  some  of  these  earlier 
formulatonis  was  readily  recognized  if  not  already  known.  But 
some  were  not  universal  in  their  application,  and  here  is  where 
the  effort  began  to  be  more  sporadic.  The  subject  would  usu- 
ally begin  by  restating  one  of  his  old  generalizations  or  by  for- 
mulating a  new  one  on  the  basis  of  one  or  two  problems,  and 
then  go  from  series  to  series  testing  it  out  until  a  series  was  dis- 
covered to  which  it  would  not  apply.  Upon  finding  a  refractory 
series  he  would  stop  and  attempt  to  modify  his  view  to  suit  the 
case  in  hand  and  then  pass  on  to  test  it  out  upon  other  series. 
Often  the  subject  would  have  to  modify  his  generalization  for 
every  group  of  series  which  were  in  any  marked  degree  different 
from  the  preceding  ones,  sometimes  discarding  the  notion  only 
to  return  to  it  later  in  his  fumbling  efforts  to  find  a  generaliza- 
tion which  would  be  applicable  to  all  series.  Some  subjects 
failed  after  working  for  hours,  and  most  of  the  others  succeeded 
in  getting  a  general  solution  only  by  a  tedious  "fitting  on"  of 

**  Series  in  which  only  L  and  H  may  be  drawn.  For  a  list  of  these  simi- 
lar to  that  presented  to  the  subjects  see  page  7. 


Digitized  by 


Google 


78  JOHN  C,  PETERSON 

numerous  hypotheses  suggested  by  individual  series  and  often 
wholly  at  variance  with  conditions  which  had  been  met  repeated- 
ly in  other  series.  A  better  exhibition  of  random  effort  could 
not  have  been  given  by  an  animal  in  a  problem  box. 

Nor  is  it  to  be  supposed  that  in  the  application  of  generaliza- 
tions to  new  situations  we  have  an  entire  escape  from  trial  and 
error  procedure.  Numerous  errors  and  omissions  of  application 
point  to  the  random  character  of  efforts  to  apply  generalizations. 
Certain  hindrances  to  application  and  some  sources  of  error  are 
fairly  apparent  in  the  transition  from  the  continuous  to  the  dis- 
continuous series  of  problems  and  in  passing  from  the  first  td 
the  second  series  of  the  latter  group. 

Three  of  the  more  important  elements  of  their  previous  gen- 
eralizations which  subjects  brought  over  into  Series  i  or  3  are 
*(i)  the  critical-number  concept,  (2)  the  idea  of  the  serial  rela- 
tion of  the  critical  numbers  of  the  series,  and  (3)  the  knowl- 
edge of  the  fact  that  the  common  difference  between  successive 
terms  of  the  various  series  of  critical  numbers  is  equal  to  L  +  H. 
No  difficulty  was  experienced  in  applying  (i)  and  (2)  directly 
to  Series  i  or  3.  The  trouble  with  the  application  of  (3)  arises 
from  the  fact  that  a  new  series  of  critical  numbers  is  created  by 
the  restriction  of  the  draws  to  L  and  H.  The  first  term  of  this 
new  series  is  2  and  the  common  difference  is  L  +  H  as  before. 
This  new  series  of  critical  numbers  should  have  given  but  little 
difficulty  if  the  subjects  had  stuck  to  the  old  generalization  for 
primary  critical  numbers  and  looked  for  an  explanation  for  the 
secondary^^  critical  numbers  only.  But  there  were  too  many 
pitfalls  in  the  way.  In  the  first  place,  the  first  critical  number 
encountered  was  a  secondary  one.  This  refractory  case  imme- 
diately cast  doubt  upon  the  applicability  of  the  old  formula  and 
lessened  its  chances  of  later  consideration.  Again,  the  secon- 
dary critical  numbers  fall  into  line  with  the  primary  ones  in  such 
a  manner  as  to  form  a  continuous  series  with  a  common  dif- 

LH-H 

ference  of .    This  is,  of  course,  a  coincidence  peculiar  to 

2 

"  See  above,  p.  8  for  definition  of  these  terms. 
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this  series  and  not  common  to  all.     Finally,  the  common  differ- 

L  +  H 

ence  of is  2,  in  this  particular  case,  making  all  even  num- 

2 

bers  critical.  Thus  the  mind  of  the  subject  is  led  unawares  away 
from  the  general  principle  built  up  in  previous  series  and  di- 
rectly into  the  rut  of  the  old  concepts  of  even  and  odd  numbers. 
The  power  of  these  superficial  relations  and  the  familiar  con- 
cepts aroused  by  them  to  divert  the  attention  of  subjects  from 
the  application  of  generalizations  formed  in  previous  series,  is 
evident  from  the  fact  that  twelve  of  the  thirteen  subjects  who 
solved  this  series,  stated  their  final  formulae  in  terms  of  even 
numbers,  though  five  of  them  had  played  with  the  old  formula 
while  working  upon  the  early  problems  of  the  series. 

Some  interesting  errors  of  application  were  made  by  Subject 
viii  in  passing  from  Series  i  or  3  to  Series  i  or  5.  After  having 
generalized  correctly  for  Series  i  or  3  he  began  his  attack  upon 
the  following  series  correctly  enough  by  saying :  "I  would  think 
right  away  that  6  is  the  lowest  critical  number  and  that  all  multi- 
ples of  6  are  critical."  But  he  quickly  got  oflf  the  track  and  began 
to  believe  that  all  multiples  of  3  were  critical.  Later  he  sup- 
posed that  the  critical  numbers  were  all  multiples  of  9,  but  finally 
changed  his  conjecture  to  multiples  of  12.  After  obtaining  a 
solution  for  this  series  he  stated  that  the  errors  had  arisen  from 
his  efforts  to  adapt  the  generalization  of  the  preceding  series — 
i.e.,  that  "All  multiples  of  2  are  critical" — ^to  the  present  one. 
Examining  the  former  series  to  find  the  basis  of  the  distribution 
of  critical  numbers,  he  observed  that  2  lies  midway  between  i 
and  3,  the  L-  and  H-draws  respectively,  and  straightway  in- 
ferred that  multiples  of  3  were  critical  in  Series  i  or  5  because  3 
lies  midway  between  the  L-  and  the  H-draw  in  this  series.  Find- 
ing this  hypothesis  to  be  incorrect  he  tried  the  sum  of  all  the 
numbers  between  i  and  5,  i.e.,  9,  because  it  was  observed  that 
"2  constitutes  all  the  numbers  between  i  and  3.  This  failing, 
he  "thought  that  a  critical  number  had  to  be  a  multiple  of  all  of 
the  numbers  between  i  and  5,  i.e.,  a  multiple  of  12. 

One  of  these  errors  was  repeated  by  this  subject  in  passing 
from  Series  2  or  6  to  Series  2  or  10.    In  generalizing  upon  the 
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former  series  he  said:  "Since  about  the  beginning  of  the  last 
series  I  have  felt  that  it  must  go  by  multiples  of  4,  because  4  is 
intermediate  between  2  and  6  and  is  a  factor  of  both."  Imme- 
diately afterward,  when  presented  with  Series  2  or  10,  the  sub- 
ject said  without  hesitation :  "I  should  say  the  critical  numbers 
are  multiples  of  6  and  numbers  which  are  i  above  those  multi- 
ples; that  is,  I  add  2  to  10  making  12  which  I  know  is  a  critical 
number.  Then  I  reduce  to  6 — No,  I  didn't,  did  I? — as  I  had, 
in  the  other  case,  reduced  8  to  4." 

In  generalizing  upon  Series  3  or  9  Subject  ii  said :  "The  criti- 
cal numbers  are  multiples  of  the  difference  between  the  high  and 
the  low  draw."  When  presented  with  the  next  series,  he  said: 
"Immediately  I  take  the  difference  between  4  and  12,  which  is  8. 
This  formulation  applies  very  well  to  all  series  in  which  H  =  3L, 
but  to  no  others.  Although  the  subject  did  not  explicitly  say  so, 
he  undoubtedly  carried  this  generalization  over  into  Series  i  or 
4  and  Series  i  or  6  much  to  the  detriment  of  his  progress.  While 
working  upon  9  beads  in  Series  i  or  4  he  decided  that  3  was  a 
critical  number  and  said :  "I  feel  that  I  am  on  the  edge  of  some- 
thing here  ...  3  I  lose.  It  reduces  to  3."  Shortly  afterwards 
he  added:  "I've  been  mistaken  there.  I  lose  3  and  5.  No,  I 
win  3."  After  thinking  this  matter  over  for  two  minutes  he 
continued:  "I  believe  I  can  win  3,  6,  and  9."  A  little  later, 
after  a  short  pause  to  determine  how  to  draw  from  9  beads,  the 
subject  said :  "Now  that's  funny.  I  can  win  9."  The  idea  that 
multiples  of  3  are  critical  numbers  in  this  series  seems  finally  to 
have  been  discarded  at  this  point,  but  the  generalization  upon 
which  it  rested, — i.e.,  that  the  difference  between  successive  criti- 
cal numbers  is  equal  to  H  —  L, — persisted  into  the  next  series 
and  seems  to  have  been  the  cause  of  considerable  difficulty  there. 
The  idea,  carried  over  from  Series  i  or  3,  i  or  5,  and  i  or  7, 
that  even  numbers  are  critical,  is  also  much  in  evidence  in  the 
records  of  Series  i  or  4  and  i  or  6.  The  ill  effect  of  these  gen- 
eralizations from  earlier  series  upon  the  progress  of  the  subject 
through  Series  i  or  4  and  i  or  6,  is  evident  in  his  records. 
Though  in  the  speed  of  progress  throughout  the  entire  experi- 
ment this  subject  ranks  second,  he  is  tenth  in  rank  in  Series  i 
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or  4  and  i  or  6  combined.  The  other  nine  of  the  ten  subjects 
who  solved  all  of  the  series  devoted  only  lo  per  cent  of  all  theii 
trials  to  these  two  series,  whereas  Subject  ii  devoted  32  per  cent 
of  all  his  trials  in  the  entire  experiment  to  the  solution  of  them. 
It  appears,  therefore,  that  approximately  two-thirds  of  the  diffi- 
culty encountered  by  Subject  ii  in  these  two  series,  was  due  to  the 
interference  of  certain  generalizations  carried  over  from  pre- 
ceding series.^® 

Many  other  examples  of  the  difficulties  attending  the  applica- 
tion of  generalizations  could  be  given  but  the  principal  types  are 
perhaps  sufficiently  illustrated  in  the  foregoing  cases.  The  omis- 
sions and  errors  of  application  occurring  in  the  records  of  all 
subjects  are  numerous  enough  to  warrant  the  statement  that, 
under  the  conditions  of  our  experiment  at  least,  the  application 
of  generalizations  depends  very  much  upon  trial  and  error  pro- 
cedure. It  appears  that  any  incompleteness  of  analysis,  either  in 
the  old  situation  from  which  the  generalization  is  evolved  or  in 
the  new  situation  to  which  it  is  to  be  applied,  is  likely  to  render 
application  difficult  and  perhaps  erroneous.  There  is  no  apparent 
reason  why  difficulties  of  this  nature  should  arise  from  the  con- 
ditions of  our  experiment  more  readily  than  from  the  practical 
situations  of  life. 

4.  Summary 

Explicit  generalization  did  not  often  occur  until  the  number 
of  beads  presented  was  high  enough  to  preclude  the  possibility  of 
direct,  perceptual  foresight  of  the  consequences  of  all  possible 
draws,  i.e.,  until  the  numbers  presented  were  high  enough  to 
place  a  premium  on  the  use  of  symbols  in  their  solution.     Num- 

^^  It  is  of  course  possible  that  other  factors  contributed  to  this  retardation 
of  progress.  Fatigue  may  have  affected  the  progress  in  Series  i  or  4,  This 
series  was  completed  shortly  before  noon  when  the  experiment  had  been  in 
progress  approximately  three  hours.  The  subject  stated  that  he  was  be- 
coming somewhat  fatigued  though  not  until  after  much  difficulty  had  been 
encountered.  However,  the  greater  portion  of  the  effort  was  expended  upon 
Series  i  or  6  where  fatigue  conld  not  have  been  a  factor.  This  series  was 
begun  after  an  intermission  of  one  and  a  half  hours,  when  the  subject  de- 
clared that  he  was  thoroughly  rested. 
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bers  lower  than  this  were  seldom  taken  into  account  even  in  later 
attempts  at  generalization. 

Several  fairly  distinct  stages  in  the  development  of  the  criti- 
cal-number concept  were  found.  Each  advance  to  a  higher  level 
of  meaning  began  usually  with  that  critical  number,  above  the 
range  of  perceptual  solution,  which  had  been  reacted  to  most 
frequently,  and  affected  the  higher  critical  numbers  largely  in 
the  order  of  the  frequency  of  their  repetition.  This  is  also  the 
order  of  their  numerical  and  temporal  nearness  to  the  goal,  i.e., 
the  end  of  the  trial.  In  the  early  stages  of  their  development 
the  meanings  involved  in  the  concept  of  the  critical  number  were 
found  to  be  extremely  unstable  in  character.  The  stability  of 
these  meanings  gradually  increased  with  continued  reaction  to 
the  situations  from  which  they  were  evolving. 

The  selection  of  the  essential  elements  of  a  series  and  their 
combination  into  adequate  generalizations  was  effected  mainly 
by  means  of  trial  inferences,  or  random  hypotheses,  which  were 
made  upon  the  basis  of  only  a  few  cases — often  only  one — ^and 
tested  out  more  or  less  persistently  before  final  acceptance  or  re- 
jection by  the  subject. 

In  the  application  of  generalizations  to  situations  which  are 
in  part  new,  much  difficulty  was  experienced,  and  a  consider- 
able amount  of  random  modification  often  occurred  before  a 
successful  adjustment  to  the  requirements  of  the  new  situation 
could  be  made.  False  analogies  arising  from  the  observation 
of  superficial  relations  often  resulted  in  confusion  and  error. 
Sometimes  the  solution  of  new  problems  was  much  retarded  by 
the  attempted  application  of  inadequate  or  irrelevant  generaliza- 
tions formulated  from  the  elements  of  earlier  series. 

F.     Transfer 

The  term,  transfer,  is  used  by  Ruger  broadly  "to  include  the 
effect  of  any  given  experience  on  any  subsequent  one  whether 
the  effect  results  directly  or  by  means  of  an  idea,  whether  the 
transfer  is  one  of  method  or  of  material,  or  of  motor  processes, 
and  whether  it  is  positive  or  negative."*®    The  term  will  be  used 

8«  Op.  cit.,  p.  85. 
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in  the  same  broad  sense  in  this  discussion.    This  usage  is  becom- 
ing fairly  common.    Ruger's  defense  of  it  need  not  detain  us. 

I.  Degree  of  Transfer 

Time  and  other  limitations  have  not  permitted  such  experi- 
mental evaluation  of  the  various  problems  as  would  be  required 
for  a  highly  accurate  measurement  of  the  transfer  of  the  effects 
of  learning  from  problem  to  problem.  However,  the  facilitating 
and,  sometimes,  the  inhibiting  effects  of  earlier  upon  later  efforts, 
are  great  enough  to  give  a  fair  insight  into  the  causes  and  con- 
ditions of  transfer  without  a  very  precise  determination  of  its 
amoimt.  A  rough  estimate  of  the  relative  difficulty  of  various 
problems  and  series  of  problems  can  be  made  from  some  of  the 
experimental  data  and  other  facts. 

Within  a  given  series  the  higher  problems  are  undoubtedly 
more  difficult  than  the  lower  ones.  If  the  subject's  draws  were 
determined  by  pure  chance,  two  successive  winnings  would  re- 
quire 8  trials  upon  5  beads,  32  trials  upon  8  beads,  128  upon 
II  beads,  and  512  upon  14  beads.  This  increasing  difficulty  is 
sufficient  to  conceal  the  effects  of  transfer  in  many  instances, 
especially  in  the  lower  numbers  of  the  series.  Though  no  ex- 
perimental evaluation  of  the  various  problems  of  any  series  was 
attempted,  the  records  of  Group  III  when  compared  with  those 
of  Group  HA  show  that  the  solution  of  14  beads  was  consider- 
ably more  difficult  than  that  of  lower  numbers  of  the  series. 
Group  IIA  began  with  4  beads  and  followed  the  same  procedure 
as  Group  I.  Group  III  followed  the  same  procedure  but  began 
with  14  beads  instead  of  4.  The  number  of  trials  required  by 
each  member  of  this  group  for  the  solution  of  14  together  with 
some  data  for  comparison  from  Group  IIA,  are  given  in  Table 
XII. 

The  subjects  of  Group  III  required  a  greater  number  of  trials 
for  the  solution  of  14  beads  than  were  required  by  those  of 
Group  IIA  for  the  solution  of  the  first  seven  problems  of  the 
series,  and  over  half  as  many  as  were  required  by  the  latter 
group  for  the  solution  of  the  first  ten  problems.  Assuming  that 
the  two  groups  were  possessed  of  equal  ability  to  solve  problems 
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Table  XII 

Group  IIA 

[otal  No. 

of  trials     Total  No.  of  trials 

required  i 

For  the         required   for  so- 

No.  of  trials  required  for 

solution 

of    all           lution     of     all 

solution 

of   14 

problems 

from            problems  from 

beads 

4   to    10   in-                 4  to   13  in- 

inclusive                       inclusive 

Group  IIA 

Group 

[II 

Subj.  A 

32                      48 

0 

Subj.  I 

8 

"      B 

39                       49 

5 

*'      2 

II 

•'      C 

25                      68 

2 

"      3 

15 

"      D 

S6                      88 

4 

"      4 

27 

"      E 

34                     106 

4 

"      5 

29 

"      F 

59                       84 

4 

"      6 

35 

"      G 

36                     112 

22 

"      7 

42 

"      H 

74                       97 

25 

"     8 

50 

"      I 

47                      159 

2 

"      9 

60 

"      J 

39                       92 

32 

"    10 
"    II 
"    12 

63 

86 

180 

Total 

441                      903 

ICO 

606 

Average 

441                     90.3 

10.0 

50.6 

of  this  sort,  the  transfer  from  an  average  of  90.3  trials  upon  the 
first  ten  problems  to  the  eleventh  problem  of  the  series  was  equal 
to  40.6  trials,  or  to  80.2  per  cent  of  the  average  number  of  trials 
required  for  the  solution  of  14  beads  when  presented  as  the  initial 
problem.  Further  profitable  discussion  of  transfer  from  prob- 
lem to  problem  within  a  series  must  await  a  careful  determina- 
tion of  the  difficulty  of  these  problems. 

From  logical  analysis  it  would  seem  that  all  series  of  the  same 
order  are  of  approximately  equal  difficulty  and  that  series  of 
higher  orders  are  somewhat  more  difficult  than  those  of  lower 
orders.*^    Some  experimental  evidence  of  the  substantial  equality 

'7  In  Series  1-2  there  are  just  four  combinations  of  draws  by  which  sub- 
jects can  win  non-critical  numbers.  Upon  problems  in  which  the  initial 
number  of  beads  is  greater  by  i  than  a  multiple  of  H  -f  L  the  subject  can 
win  half  of  the  trials  by  taking  i  bead  at  every  draw.  The  other  half  he 
can  win  by  taking  i  at  his  first  draw  and  2  at  every  draw  thereafter  through- 
out the  trial.  He  can  win  one  half  of  the  trials  upon  problems  in  which  the 
initial  number  is  less  by  i  than  a  multiple  of  H  -f-  L,  by  taking  2  beads  at 
every  draw.  The  other  half  of  these  problems  he  can  win  by  taking  2  at 
his  first  draw  and  i  thereafter  throughout  the  trial.    If  L  and'H  be  substi- 
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of  difficulty  of  Series  1-2  and  Series  1-3,  is  found  in  the  records 
of  Groups  IIA  and  IIB,  which  are  summarized  in  Table  XIII.^* 
The  subjects  are  listed  at  the  left  in  the  first  column.  The  num- 
ber of  problems  solved  by  each  subject  in  each  of  the  series  and 
the  number  of  trials  and  amount  of  time  required  for  the  solu- 
tion of  the  series,  are  given  in  the  succeeding  columns. 

tuted  for  i  and  2,  these  four  combinations  of  draws  are  effective  for  the 
solution  of  some  problems  in  every  series  of  the  first  order.  But  for  all 
problems  in  which  the  initial  number  is  removed  from  a  multiple  of  H  +  L 
by  an  interval  greater  than  i,  a  new  combination  of  draws  must  be  made 
by  varying  the  first  draw.  In  Series  1-3  a  new  combination  is  required  for 
only  those  problems  in  which  the  initial  number  of  beads  is  an  odd  multiple 
of  2;  i.e.,  for  one-third  of  th5  non-critical  numbers  of  the  series.  In  Series 
1-4  it  is  required  for  half  and  in  Series  1-5  for  three-fifths  of  the  non- 
critical  numbers,  etc. 

Moreover,  the  discovery  of  the  successful  combinations  of  draws  is  not 
favored  at  so  early  a  point  in  the  higher  as  in  the  lower  series,  owing  to 
the  magnitude  of  the  H-draws  which  effect  a  reduction  of  small  numbers 
to  o  before  a  sufficient  number  of  repetitions  has  been  made  to  impress  the 
uniformity  of  response  upon  the  mind  of  the  subject.  For  the  same  reason 
the  early  discovery  of  the  principle  of  drawing  by  opposites  is  less  likely 
in  the  higher  than  in  the  lower  series.  Again,  because  of  the  longer  inter- 
val between  critical  numbers  in  the  higher  series,  a  greater  number  of  prob- 
lems must  be  solved  in  these  series  than  in  lower  ones  in  order  to  reveal  a 
given  number  of  critical  numbers  upon  which  to  base  and  with  which  to 
test  generalizations. 

On  the  other  hand,  each  critical  number  in  the  higher  series  is  more  firmly 
fixed  in  mind  than  those  of  the  lower  series  by  the  more  frequent  reaction 
of  subjects  to  it  before  the  next  higher  critical  number  is  presented.  This 
would  favor  the  more  ready  utilization  of  critical  numbers  in  the  higher 
series  for  purposes  of  generalization  and  so  facilitate  the  solution  of  these 
series.  This  higher  degree  of  learning  is  the  only  factor  revealed  by  analysis 
which  clearly  favors  the  more  rapid  solution  of  higher  than  of  lower  series 
of  the  same  order.  How  important  these  -various  factors  are  caimot  be 
stated  definitely  without  further  experimentation.  It  does  not  seem  un- 
reasonable, however,  on  the  basis  of  this  analysis,  to  assume  that  the  higher 
series  are  at  least  as  difficult  as  lower  series  of  the  same  order. 

Critical  numbers  are  relatively  more  numerous  in  higher  than  in  lower 
orders  of  series,  and  their  relations  to  one  another  are  more  complex.  It 
is  practically  certain,  therefore,  that  a  series  of  a  higher  order  is  more  diffi- 
cult than  one  of  a  lower  order. 

^^The  subjects  of  these  groups  were  members  of  a  class  in  educational 
psychology,  whose  class  work  had  been  observed  by  the  writer  for  from 
three  to  seven  months.  The  division  into  groups  was  made  upon  the  basis 
of  reasoning  ability  as  judged  by  the  writer. 
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Table  XIII 

Group  II A 

Series  1-2 

Series  1-3 

No. 

Time 

No. 

Subj. 

Problems 

Trials  (in  seconds) 

Problems 

Trials 

Time 

A 

ID 

48 

1833 

12 

37 

1 130 

B 

IS 

62 

1555 

8 

18 

230 

C 

15 

85 

1840 

7 

13 

248 

D 

i6 

112 

4210 

6 

24 

685 

E 

21 

220 

6450 

7 

15 

130 

F 

74 

300 

19133 

9 

31 

1545 

G 

27 

332 

7440 

0 

0 

0 

H 

76 

389 

13663 

8 

16 

312 

I 

8i 

617 

15988 

8 

17 

162 

J 

162 
497 

823 
2988 

18572 

88 
153 

524 
695 

10260 

Total 

90684 

I47Q2 

Average 

49.7 

No. 

29a8 

Series  1-3 

9068.4 
Group  IIB 
Time 

15.3 
No. 

69.5 
Series  1-2 

1470^ 

Subj. 

Problems 

Trials  (in  seconds) 

Problems 

Trials 

Time 

a 

16 

48 

2545 

9 

14 

300 

b 

16 

50 

2062 

12 

29 

763 

c 

19 

56 

4545 

9 

15 

407 

d 

16 

69 

2640 

4 

ID 

135 

e 

17 

95 

2090 

3 

7 

70 

f 

23 

179  . 

9585 

I 

2 

120 

g 

38 

210 

8455 

6 

14 

270 

h 

26 

337 

10131 

12 

31 

532 

i 

52 

376 

18648 

3 

6 

150 

J 

98 
321 

2196 

20435 

12 
71 

30 
158 

1054 

Total 

81 136 

3801 

Average 

32.1 

219.6 

81 13.6 

7.1 

15^ 

380,1 

The  average  number  of  trials  per  subject  in  Series  1-2  is 
298.8,  P.E.,  51.9.  In  Series  1-3  the  average  number  of  trials  per 
subject  is  219.6,  P.E.,  46.3.  The  difference  between  these  aver- 
ages is  79.2,  P.E.,  69.5.  In  so  far,  therefore,  as  the  calculation  of 
unreliability  means  anything  when  based  upon  so  few  and  so 
variable  data  as  those  at  our  command,  these  data  support  the 
view  that  there  is  no  substantial  difference  in  the  difficulty  of  dif- 
ferent series  of  the  same  order. 
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In  terms  of  the  number  of  trials  required  to  solve  the  series, 
the  transfer  from  Series  1-2  to  Series  1-3  is  76.7  per  cent.  From 
Series  1-3  to  Series  1-2  it  is  92.8  per  cent.  The  lower  percentage 
of  transfer  in  the  former  case  is  due  almost  wholly  to  the  be- 
havior of  Subject  J.  The  insight  of  this  subject  into  the  first 
series  at  the  time  of  her  successful  generalization  was  unusually 
superficial  and,  contrary  to  custom,  five  days  were  permitted  to 
pass  between  her  completion  of  the  first  series  and  her  attack 
upon  the  second.  If  we  leave  her  record  out  of  account,  the  de- 
gree of  transfer  for  the  group  becomes  92.1  per  cent.  The  trans- 
fer from  either  series  to  the  other  is  here  so  great  as  completely 
to  overshadow  such  differences  as  may  exist  in  the  difficulty  of 
the  two  series. 

The  degree  of  transfer  from  series  to  series  within  the  vari- 
ous orders  of  continuous  series  is  shown  in  Table  XIV.  The 
percentages  of  transfer  are  based  on  the  supposition  that  all 
series  in  any  given  order  are  equal  in  difficulty.  The  series  are 
listed  at  the  left  of  the  table  in  the  usual  order.  Individual  sub- 
jects of  the  group  are  indicated  by  the  Roman  numerals  at  the 
top.  Though  not  all  of  the  series  were  specifically  solved  by  all 
subjects  the  general  solutions  given  for  all  series  of  an  order 
were  such  as  to  indicate  that  all  higher  series  of  the  order  could 
be  solved  without  manipulation  of  the  beads.  We  have  there- 
fore figured  the  average  number  of  trials  per  series  just  as  if 
every  series  had  been  specifically  solved  by  every  subject. 

The  degree  of  transfer  may  be  further  traced  from  lower  to 
higher  orders  of  series.  As  already  stated,  the  higher  orders 
are  probably  more  difficult  than  the  lower  ones,  but  in  the  absence 
of  experimental  data  upon  this  point  we  shall  assume  that  all 
orders  are  of  equal  difficulty  and  calculate  the  percentages  of 
transfer  upon  that  basis.  The  transfer  from  lower  to  higher 
orders,  as  found  in  the  records  of  the  thirteen  subjects  who 
solved  all  of  the  continuous  series,  is  shown  in  Table  XV. 

Further  evidence  of  transfer  is  found  in  the  constant  decrease, 
through  successively  higher  orders,  in  the  number  of  series  re- 
quired to  be  solved  for  the  mastery  of  an  entire  order.  The 
average  numbers  of  series  solved  by  actual  manipulation  of  the 
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Table  XV 
Transfer  from  lower  to  higher  Orders  of  Series 

Per  cent  of  trials      Percentage    of 
Order  Ave.  No.  of  trials  saved  as  compared  transfer  from  pre- 


per  subject 

with  first  order 

ceding  order 

First 

230.8 

Second 

103.5 

55-3 

55.3 

Third 

21.6 

90.6 

79.2 

Fourth 

5A 

977 

751 

beads  in  the  various  orders  of  continuous  series  were  3.38,  2.46, 
1.08,  and  .23  for  the  first,  second,  third,  and  fourth  orders  re- 
spectively. 

Owing  to  various  irregularities  which  make  their  compara- 
bility uncertain,  no  attempt  will  be  made  to  determine  the  degree 
of  transfer  in  the  discontinuous  series.  That  much  positive 
transfer  occurred  can  readily  be  seen  by  referring  to  the  data 
upon  these  series  in  Table  III. 

2.  Conditions  of  Transfer 

No  attempt  will  be  made  to  enumerate  all  of  the  conditions  and 
sources  of  transfer  but  a  few  of  the  more  important  ones  will 
be  mentioned  and  discussed  briefly. 

a.  Objectively  Identical  Elements. — In  order  to  solve  any  of 
the  higher  problems  of  a  series  it  is  necessary  to  make  all  of  the 
moves  appropriate  to  the  solution  of  all  lower  non-critical  num- 
bers of  the  series.  All  of  the  lower  numbers  of  a  series  are 
therefore  common  elements  of  the  higher  problems  of  the  series. 
Thus  in  Series  1-2  the  numbers  4,  5,  6,  7,  8,  etc.  must  all  be 
3olved  in  the  process  of  solving  the  higher  numbers  of  the  series. 
That  the  solution  of  these  lower  numbers  contributes  to  the 
mastery  of  higher  ones  is  shown  by  the  results  reported  in  Tabic 
XII.  Also  the  effect  of  the  presence  of  common  critical  num- 
bers is  shown  by  the  fact  that  subjects  soon  learned  the  necessity 
of  avoiding  certain  critical  numbers,  and  later  of  forcing  the  ex- 
perimenter to  draw  from  these  numbers  regardless  of  what  might 
be  the  initial  number  of  beads  presented  for  solution. 

Likewise  in  all  series  of  a  given  order  the  lowest  possible  draw 
is  a  common  element;  e.g.,  in  Series  1-2,  1-3,  1-4,  etc.  the  low 
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draw  is  the  same  for  all  series.  It  is  clear  that  this  common 
element  is  responsible  for  a  large  portion  of  the  transfer,  for 
after  the  solution  of  Series  1-2,  in  which  neither  the  high  nor 
the  low  draw  was  usually  recognized  as  especially  related  to  the 
formula,  it  required  only  41.7  trials  on  the  average  to  generalize 
for  all  possible  variations  of  the  high  draw  with  the  low  draw 
remaining  constant.  But  it  required  130.3  additional  trials  on 
the  average  to  generalize  for  all  possible  variations  of  both  the 
high  and  the  low  draw.*®  In  other  words,  the  mastery  of  an 
indeterminate  number  of  series  in  which  one  of  the  two  most 
essential  elements  is  identical,  required  less  than  one-third  as 
many  trials  as  were  necessary  for  the  mastery  of  an  indetermi- 
nate number  of  series  in  which  this  objectively  identical  element 
is  lacking.  And  this  notwithstanding  a  large  amount  of  transfer 
through  other  elements  from  the  former  to  the  latter  group  of 
series.  Other  common  elements  of  this  sort  might  be  mentioned, 
as  for  example,  the  different  sequences  of  E's  draws  (described 
above,  p.  18),  but  with  further  enumeration  it  becomes  increas- 
ingly more  difficult  to  distinguish  between  subjective  and  objec- 
tive identities. 

It  must  not  be  supposed  that  these  objectively  identical  ele- 
ments were  invariably  recognized  at  once  as  common  to  the 
various  problems  of  the  series.  Even  the  most  obvious  of  them 
were  often  very  slow  in  impressing  themselves  upon  the  minds 
of  some  subjects.  But  the  absence  of  explicit  awareness  of  these 
elements  is  no  warrant  for  the  contention  that  no  transfer  was 
mediated  by  them  in  the  early  stages  of  the  experiment.  The 
influence  of  unrecognized  factors  of  some  sort  is  clearly  evi- 
denced by  the  fact  that  subjects  were  frequently  able  to  solve 
problems  though  unable  to  say  how  it  was  done  or  to  give  better 
reasons  for  correct  draws  than  that  they  "seemed  right." 

b.  Subjectively  Identical  Elements.. — Many  of  the  more  im- 
portant elements  which  came  to  be  regarded  as  common  to  a 
number  of  problems  are  not,  however,  present  in  the  same  ob- 
jective sense  as  those  mentioned  above.     Such  identical  de- 

*®The  intermediate  draws  may  be  neglected  since  they  varied  in  the  same 
manner  in  both  cases  and  generally  attracted  little  or  no  attention. 
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ments  are,  in  large  measure,  the  result  of  the  generalizing  activi- 
ties of  the  subject.  Judd  has  insisted  at  length  upon  the  impor- 
tance of  this  type  of  common  element  as  a  source  of  transfer.*® 
Elements  of  this  sort  are  fairly  numerous  and  constitute  the  prin- 
cipal medium  of  transfer  as  found  in  this  study.  The  high  draw, 
or  H,  for  example,  is  dearly  dependent  upon  generalization  for 
its  status  as  a  common  element  in  all  series,  as  is  also  the  low 
draw,  or  L.  These  two  symbols  with  their  associated  meanings 
are  undoubtedly  the  most  effective  instruments  of  transfer  for 
all  subjects  who  mastered  any  considerable  number  of  series.  It 
is  through  the  medium  of  these  two  minor  concepts,  largely,  that 
the  meanings  developed  in  and  about  specific  critical  numbers, 
become  detached  and  generalized  and  finally  applied  to  other  ap- 
propriate elements  in  the  same  and  other  series.  On  the  basjs  of 
these  and  other  generalized  elements  every  subject,  who  had  the 
perseverance  to  stay  with  the  task,  sooner  or  later  acquired  the 
ability  to  solve  at  sight  series  in  which  neither  the  low  nor  the 
high  draw  was  common  to  the  preceding  series  in  a  purely  ob- 
jective sense. 

Common  elements  of  these  two  types  were  not  always  easy  to 
distinguish,  however.  Specific  elements  of  the  objective  sort 
were  often  apprehended  in  general  terms  at  their  first  presenta- 
tion, or,  at  any  rate,  the  subjects'  verbal  reactions  to  them  were 
couched  in  general  terms.  Thus  the  fact  that,  after  reducing  the 
number  of  beads  to  a  multiple  of  L  -f  H,  E  always  drew  i  when 
S  drew  2  and  2  when  S  drew  i,  was  often  noticed  and  alluded 
to  by  the  subject  as  "drawing  opposites." 

c.  Generalized  Methods  of  Procedure. — Qosely  related  to  the 
generalized  elements  of  content  and  depending  largely  upon  them 
were  certain  generalized  methods  of  procedure.  The  most  com- 
mon of  these  types  of  procedure  to  develop  in  the  first  series  and 
persist  through  later  series,  consisted  of  some  sort  of  systematic 
alternation  of  various  sequences  of  draws  designed  to  prevent 
useless  repetition  of  unsuccessful  variations  or  to  exhaust  the 
possibilities  of  variation.  One  subject  described  his  procedure 
as  follows:    "First  I  take  i  and  then  the  same  as  you  took  (for 

*<>Jtidd,  Psychology  of  High  School  Subjects,  p.  414. 
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the  remaining  draws  of  the  trial),  then  i  and  the  opposite;  then 
I  take  2  and  the  same,  and  finally  2  and  the  opposite."  The  first 
and  third  of  these  sequences  of  draws  were  not  successful.  The 
others  were  successful  approximately  half  of  the  time  upon  non- 
critical  numbers. 

There  is  good  evidence  that  the  erroneous  sequences  were 
brought  in  by  a  mere  contrast  association  between  the  wordd 
opposite  and  same.  Here  are  the  circumstances :  After  winning 
twice  in  succession  from  14  beads,  the  subject  said:  "If  I  take 
I  when  you  take  2  and  2  when  you  takt  i,  I  win;  i.e.,  if  I  take 
the  opposite  of  your  draw."  After  three  trials  upon  15  beads 
he  said:  "The  principle  I  discovered  seems  to  hold  now  for 
you."  He  then  began  immediately  to  follow  the  experimenter's 
draws,  i.e.,  to  draw  the  same.  This  failing  in  the  first  three 
trials,  he  changed  again  to  the  opposite  in  the  fourth  trial,  and 
added  at  its  completion:  "When  that  was  reduced  to  12,  I  tried 
taking  the  opposite  of  what  you  took,  but  it  didn't  work."  He 
then  began  to  follow  the  procedure  described  above  and  contin- 
ued for  over  an  hour  to  the  very  obvious  detriment  of  his  prog- 
ress. Finally  the  erroneous  sequences  were  eliminated  and  his 
progress  somewhat  accelerated.  This  modified  procedure  was 
carried  forward  to  later  series. 

Another  helpful  procedure  which  was  used  quite  effectively  by 
some  of  the  subjects  was  to  begin  the  search  for  critical  numbers 
with  o  which  was  regarded  as  the  first  critical  number  in  every 
series.  This  had  the  effect  of  limiting  the  number  of  problems 
to  be  solved  in  locating  a  sufficient  number  of  critical  points  for 
generalization.  The  procedure  was  adopted  by  Subject  vi  at  the 
beginning  of  Series  i  or  6  and  by  Subject  ii  near  the  beginning 
of  the  experiment. 

An  effective  method  of  limiting  the  scope  of  attention  in  the 
discontinuous  series  without  sacrificing  any  useful  variations, 
was  to  subtract  the  highest  multiple  of  L  +  H  contained  in  the 
number  presented  for  solution,  and  work  upon  the  remaindei 
which  was  thus  brought  well  within  the  range  of  perceptual  con- 
trol. In  Series  2  or  5,  for  example,  if  17  beads  were  presented, 
the  subject  would  find  the  difference  between  14  and  17  and  deal  [ 
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directly  with  this  small  remainder.  After  the  first  draw  had 
been  determined  in  this  manner  it  was  usually  possible  to  make 
the  remaining  draws  mechanically  upon  the  principle  of  drawing 
opposites.  This  procedure  was  followed  more  or  less  persistently 
with  good  effect  by  about  a  third  of  the  subjects. 

A  less  definite  though  perhaps  more  profitable  form  of  syste- 
matization  consisted  in  a  better  balancing  and  correlation  of  ra- 
tional thinking  with  overt  trial-and-error  procedure  as  the  ex- 
periment progressed.  In  the  early  problems  much  of  the  manipu- 
lation was  extremely  ill-directed,  or  undirected,  and  much  time 
was  wasted  in  fruitless  attempts  to  generalize  upon  insufficient 
data.  The  later  work  of  most  subjects  showed  much  improve- 
ment both  in  the  purposeful  direction  of  trial-and-error  pro- 
cedure and  in  the  matter  of  judgment  as  to  when  enough  data 
were  in  to  warrant  generalization.  This  process  of  empirically 
working  out  a  proper  balance  and  correlation  between  reflective 
thinking  and  overt  trial  and  error,  is  probably  one  of  the  main 
sources  of  progress  in  all  successful  attempts  to  deal  at  all  ex- 
tensively with  novel  data. 

d.  Effect  of  Thoroughness  of  Learning  upon  Transfer. — It 
might  be  expected  that  the  superior  ability  which  enabled  one 
subject  to  outrank  another  in  the  mastery  of  Series  1-2  would 
give  him  a  proportionate  advantage  in  the  solution  of  the  later 
series.  As  a  matter  of  fact,  however,  subjects  whose  speed  of 
progress  in  the  solution  of  Series  1-2  is  above  the  median  show 
no  superiority  in  the  immediately  following  series  over  those 
whose  speed  is  below  median  in  the  first  series.  This  is  true  of 
all  groups  of  subjects  who  solved  as  much  as  two  successive 
series  of  problems,  as  is  shown  in  the  following  data.  The  rate 
of  progress  is  expressed  in  terms  of  the  number  of  trials  re- 
quired for  the  solution  of  a  series : 

Although  the  subjects  whose  rate  of  progress  was  below  me- 
dian required  over  five  times  as  many  trials  for  the  solution  of 
the  first  series  as  was  required  by  those  whose  rate  was  above 
median,  they  were  able  to  solve  the  second  series  in  practically 
the  same  number  of  trials  as  was  required  by  their  presumably 
more  gifted  fellow  subjects.    The  degree  of  transfer  from  the 
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Group  I 
(14  subjects) 
First    Second 
series     series 


Group  IIA" 

(7  subjects) 

First    Second 

series    series 


Group  I  IB 

(10  subjects) 

First     Second 

series      series 


Total  trials  of  sub- 
jects above  median" 
Total  trials  of  sub- 
jects below  median 


488 


144 


307 


92 


318 


75 


2333         182  1638  64  1878  83 

First       Second 
series       series 
Total  trials  required  by  16  subjects  above  median,    11 13  311 

Total  trials  required  by  16  subjects  below  median,    5849  329 

*iThe  record  of  Subject  J  is  here  omitted  because  of  an  irregularity  of 
procedure  mentioned  above  on  page  no. 

*' Above  median  here  means  above  median  speed  of  progress  as  in  the 
foregoing  text 

first  to  the  second  series,  in  terms  of  the  number  of  trials  re- 
quired, was  on  the  average  94  per  cent  for  the  subjects  whose 
rate  of  progress  in  the  first  series  was  below  median  and  only 
72  per  cent  for  those  whose  rate  was  above  median.  That  these 
group  averages  do  not  grossly  misrepresent  the  individual  rec- 
ords is  evident  from  the  fact  that  only  4  of  the  16  subjects  whose 
rate  of  progress  was  below  median  in  their  respective  groups  in 
the  first  series,  were  surpassed  in  the  percentage  of  transfer  by 
any  of  the  16  subjects  whose  rate  was  above  median.  Correla- 
tions by  the  rank  method  between  the  quickness  of  mastery  of  the 
first  series,  as  measured  by  the  number  of  trials  required,  and  the 
degree  of  transfer  from  the  first  to  the  second  series,  give  coeffi- 
cients of  — .803,  — .914,  and  — .819  for  Groups  I,  IIA,  and 
IIB  respectively. 

The  thorough  acquaintance  with  the  elements  of  the  problems, 
which  is  acquired  by  the  initially  slow  subjects  during  their  long- 
continued  efforts  to  find  a  solution,  is  undoubtedly  the  main  cause 
of  the  relatively  high  degree  of  transfer  found  at  this  stage  of 
the  work  of  these  subjects.  The  records  show  clearly  that  the 
initially  slow  subjects  generally  surpassed  the  more  speedy  ones 
in  the  number  and  variety  of  elements  which  were  discovered  in 
the  first  series.  From  their  four-fold  more  numerous  responses 
to  the  same  objective  situations,  it  is  not  unreasonable  to  suppose 
that  many  of  the  associations  formed  by  the  slower  subjects 
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were  more  firmly  fixed  than  corresponding  associations  formed 
by  the  subjects  whose  progress  was  more  rapid.  The  difference 
between  the  subjects  whose  initial  progress  was  slow  and  those 
who  progressed  rapidly  at  the  start,  is  not  so  much  a  matter  of 
difference  in  the  speed  of  formation  of  new  associations  as  in 
the  power  to  utilize  these  associations  for  a  definite  purpose. 
But  the  ready  utilization  of  associations  in  the  early  stages  of 
their  development  results  in  the  accomplishmenjt  of  the  end 
before  a  sufficient  number  of  repetitions  has  been  made  to  fix 
the  associations  thoroughly.  It  also  limits  the  number  and  va- 
riety of  associations  formed.  Therefore  the  points  of  contact 
are  usually  neither  so  intimate  nor  so  numerous,  and  transfer  at 
this  point  is  generally  not  so  great,  when  the  initial  progress  is 
rapid  as  when  it  is  slow. 

3.  Negative  Transfer 

Numerous  facilitating  and  inhibiting  factors  enter  in  at  every 
stage  of  the  work  to  determine  the  rate  of  progress  of  subjects. 
On  the  whole,  the  facilitating  influences  so  far  outweigh  the  in- 
hibiting ones  as  generally  to  make  it  difficult  to  detect  the  pres- 
ence of  the  latter,  to  say  nothing  of  the  accurate  measurement 
of  their  effects.  Occasionally,  however,  the  presence  of  these 
hegative  factors  becomes  clearly  evident  from  the  comments  of 
subjects,  and  sometimes  their  effects  become  so  obvious  as  to 
make  a  rough  quantitative  statement  of  their  strength  possible. 
Thus  it  has  been  shown  above  (pp.  80-81)  that  the  progress  of 
Subject  ii  through  Series  i  or  4  and  i  or  6  was  only  approxi- 
mately one-third  as  rapid  as  might  reasonably  have  been  expected 
but  for  the  interference  of  certain  superficial  associations  which 
were  formed  in  the  process  of  solving  a  few  of  the  preceding 
series.  Two  clear  cases  of  negative  transfer  were  also  given 
above  (pp.  79-80)  from  the  record  of  Subject  viii. 

A  very  similar  case  of  negative  transfer  from  Series  1-2  to 
Series  1-3  is  found  in  the  record  of  Subject  ii.  In  his  generaliza- 
tion upon  the  data  of  the  former  series  he  said :  ^'I  can't  win 
any  multiple  of  3."  When  presented  with  the  first  problem  on 
Series  1-3  he  said  at  once:    "I  suspect  right  away  that  it  will  be 
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a  multiple  of  5  here — 3  plus  2  equals  5."  After  his  first  trial, 
however,  he  said:  "I  was  mistaken.  I  see  now  that  3  plus  2 
plus  I  equals  6.  Evidently  I  can  win  multiples  of  5.  It  must  be 
multiples  of  6."  This  idea  was  wrongly  confirmed  by  his  first 
trial  upon  6  which  was  a  failure.  His  pleasure  at  the  seeming 
confirmation  of  his  theory  was  evident  from  the  tone  of  his  re- 
marks. "By  Jove,"  he  said,  "you  won  that!"  The  persistence 
of  this  hypothesis  is  shown  in  his  later  attempt  to  account  for 
his  inability  to  win  8  beads.  "If  I  take  i,"  he  said,  "you  might 
take  I  and  leave  6,  and  I  can't  win  6,  so  I  can't  win  8."  The  per- 
sistence of  this  notion  is  again  apparent  in  his  final  attempt  to 
generalize  at  the  conclusion  of  the  series:  "I  add  the  numbers 
which  one  is  permitted  to  take  and  find  that  the  multiples  of  ihc 
resulting  sum  cannot  be  won."  This  significant  slip  of  the 
tongue  was  quickly  corrected,  however,  as  follows:  "No!  No! 
I  add  the  last  number  to  the  first  because  that  would  give  you 
the  total  number  which  could  be  taken  with  two  draws." 

If  the  first  two  series  are  equal  in  difficulty,  the  algebraic  sum 
of  all  positive  and  negative  transfer  effects  was  only  31.4  per 
cent  for  this  subject,  though  the  average  for  all  other  subjects 
amounted  to  89.1  per  cent,  and  for  the  other  six  above-median 
subjects  of  Group  I,  73.3  per  cent.  If  the  ratio  of  the  number 
of  draws  required  for  the  solution  of  the  second  series  to  those 
required  for  the  first  series  had  been  the  same  as  for  all  other 
subjects  combined,  he  would  have  solved  Series  1-2  in  4  trials. 
If  this  ratio  had  been  the  same  for  him  as  for  the  other  six 
above-median  subjects  of  Group  I,  he  would  have  solved  the 
series  in  10  trials.  Thus,  figuring  on  a  conservative  basis,  the 
negative  transfer  occasioned  by  the  false  analogy  between  the 
two  series,  and  perhaps  by  some  other  inhibiting  factors,  was 
equal  to  13  trials,  or  more  than  one-third  the  number  required 
for  the  solution  of  the  first  series,  and  more  than  half  the  num- 
ber required  for  the  second  series. 

At  the  conclusion  of  Series  1-3  Subject  iii  generalized  for  all 
series  as  follows:  "In  general,  you  have  got  to  add  i  to  the 
highest  number  you  may  draw,  and  multiples  of  that  sum  cannot 
be  won,  e.g.,  for  Series  1-3  it  would  be  multiples  of  4,  for  Series 
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1-4  it  would  be  5."  Later  in  generalizing  for  Series  2-3  he 
said:  "Combinations  of  5  and  i  above  are  losers,  i.e.,  numbers 
ending  in  i  or  6.'*  In  Series  2-4  this  subject  did  very  well  at 
the  beginning.  At  10  beads  he  said:  "I  win  by  leaving  6." 
Later  when  working  with  1 1  beads  he  reiterated  in  more  general 
terms:  "When  the  starter  can  leave  6  beads,  he  wins  it."  After 
two  trials  upon  12  beads  he  added :  "Combinations  of  6,  12,  etc., 
if  they  can  be  left  by  the  one  who  draws  last,  win ;  i.e.,  the  player 
who  can  leave  6,  12,  etc.  wins.  After  the  second  trial  upon  13 
beads  the  subject  generalized  as  follows:  "Combinations  of  i 
above  any  number*^  or  /  above  any  combination  lose."  He  was 
asked  to  give  an  example  and  replied :  "Well,  4  plus  i  equals  5. 
Combinations  of  5,  10,  15,  etc.;  or  combinations  of  6,  as,  6, 
12, — no,  combinations  of  5  and  i  above,  as,  6,  11,  16,  etc.  .  .  . 
anything  that  you  can  take  away  enough  from  to  leave  5  you 
win." 

Note  how  neatly  the  idea,  "Add  i  to  the  highest  draw,"  slips 
in  from  the  generalization  for  all  series  of  the  first  order  to 
vitiate  his  reasoning  while  he  is  attempting  to  apply  the  "one- 
above"  element  from  the  formula  for  Series  2-3.  Such  a  con- 
fusion could  never  have  occurred  if  in  the  first  formula  "Add  i 
to  the  highest  draw"  had  been  generalized  into  the  more  widely 
applicable  form,  "Add  L  to  the  highest  draw" ;  that  is  to  say,  if 
the  I  to  be  added  to  the  highest  draw  had  been  properly  asso- 
ciated with  the  lowest  possible  draw  in  each  series.  Such  asso- 
ciation would  certainly  have  prevented  the  addition  of  i  to  4  in 
Series  2-4  to  find  the  number  whose  multiples  are  critical  num- 
"bers.  The  erroneous  application  of  this  idea  is  perhaps  due  in 
part  to  the  similarity  of  its  wording  to  that  of  the  "one-above" 
element  of  the  formulation  for  Series  2-3,  for  it  was  during  the 
attempt  to  apply  the  latter  element  to  Series  2-4  that  the  former 
one  insinuated  itself  into  the  process.  In  the  last  instance,  it 
will  be  observed,  the  wording  of  the  two  ideas  is  exactly  the 
same,  i.e.,  "j  above  any  number"  and  "i  above  any  combination." 

^*  Probably  meaning  i  above  the  high  draw  in  any  series,  since  he  had 
already  generalized  the  high  draw  but  had  said  nothing  concerning  the  low 
draw. 
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The   subject's   illustration   shows  clearly   that  this  ambiguous 
wording  referred  to  the  two  diverse  elements  mentioned  above. 
A  somewhat  similar  case  of  negative  transfer  occurs  in  the 
transition  from  Series  3-4  to  Series  3-5  in  the  record  of  Sub- 
ject xiii.     The  reader  will  recall  that  the  groups  of  primary 
critical  numbers  are  always  composed  of  L  critical  numbers  each, 
and  that  the  interval  between  such  groups  of  critical  numbers  is 
always  equal  to  H.    When,  therefore,  a  new  series  is  formed  by 
adding  i  to  the  high  draw  of  the  old  series,  the  interval  between 
successive  groups  of  primary  critical  numbers  is  increased  by  i. 
The  groups  of  critical  numbers,  however,  remain  unchanged  in 
size.    But  if  a  new  series  is  formed  by  adding  i  to  the  low  draw 
of  the  old  series,  the  magnitude  of  the  groups  of  critical  numbers 
is  increased  by  i  and  the  interval  between  successive  groups  re- 
mains unchanged.    The  subject's  error  at  this  point  consisted  in 
applying  the  latter  principle  instead  of  the  former.    At  the  con- 
clusion of  the  preceding  series  he  had  said :    'The  critical  num- 
bers are  multiples  of  7  and  i  and  2  beyond  these  multiples."    At 
the  presentation  of  Series  3-5  he  said  immediately:    "This  will 
be  multiples  of  7  and  i,  2  and  3  beyond."    This  attempt  to  apply 
the  wrong  principle  is  the  only  plausible  explanation  of  the 
negative  transfer  which  occurred  at  this  point.    There  were  no 
interruptions  and  no  apparent  fatigue.     Such  incorrect  choice 
among  principles  which  are  but  vaguely  understood  and  inse- 
curely held  in  mind  recalls  the  difficulty  encountered  in  the  at- 
tempts to  generalize  upon  the  elements  of  a  series  in  the  early 
and  unstable  stages  of  their  abstraction.    These  facts  emphasize 
the  importance  of  thoroughness  in  learning  for  positive  transfer 
through  generalization  of  experiences,  and  point  to  the  danger 
of  negative  transfer  from  vagueness  and  under-learning. 

4.  Summary 
The  ability  of  subjects  to  solve  the  later  problems  of  the  ex- 
periment was  much  modified  by  the  effects  of  learning  in  the 
mastery  of  earlier  problems.  Both  facilitating  and  inhibiting 
factors  were  operative,  though,  on  the  whole,  the  former  so  far 
predominated  as  to  leave  a  large  balance  of  positive  transfer. 
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This  is  true  whether  successive  problems  in  a  series,  successive 
series  of  the  same  order,  or  successively  higher  orders  of  series 
are  taken  as  a  basis  of  comparison. 

So  far  as  our  analysis  goes,  the  greater  the  objective  similarity 
between  successive  problems  or  series  of  problems,  the  higher  is 
the  degree  of  transfer.  But  it  is  not  always  possible  to  distin- 
guish between  objectively  identical  elements  and  common  ele- 
ments which  owe  their  identity  to  the  generalizing  activities  of 
the  subject  in  apprehending  them.  It  is,  however,  clear  that  a 
very  large  portion  of  the  transfer  observed,  was  effected  through 
the  medium  of  common  elements  of  the  latter  sort,  i.e.,  through 
concepts,  and  general  principles,  methods,  attitudes,  etc. 

Some  difficulty  was  encountered  in  the  later  series  in  attempts 
to  apply  generalizations  from  preceding  ones.  Misapplication 
of  such  generalizations  often  resulted  in  considerable  loss  of  time 
and  effort.  False  analogies,  which  were  found  to  be  the  prin- 
cipal source  of  erroneous  applications,  resulted  in  the  main  from 
incompleteness  of  analysis  either  of  the  old  problems  upon  which 
the  generalizations  were  based,  or  of  the  new  problems  to  which 
they  were  to  be  applied.  Another  source  of  negative  transfer 
was  found  in  the  occasional  ambiguous  wording  of  generaliza- 
tions, resulting  in  either  their  distortion  or  misapprehension. 

There  was,  on  the  whole,  much  more  transfer  from  the  first 
to  the  second  series  in  the  woric  of  subjects  whose  initial  speed 
of  progress  was  slow  than  in  that  of  subjects  who  were  more 
speedy  at  the  start.  This,  apparently,  was  due  in  large  measure 
to  differences  in  the  thoroughness  of  the  acquaintance  acquired 
with  the  elements  of  the  first  series. 

G.  Effect  of  Age  and  Education 
Though  the  data  at  hand  do  not  warrant  a  separate  discussion 
of  the  effects  of  age  and  education  on  each  of  the  processes  of 
abstraction,  generalization,  and  transfer,  it  may  be  worth  while 
briefly  to  present  such  data  as  we  have  regarding  the  influence  of 
these  factors  upon  the  general  ability  to  solve  our  problem.  Only 
two  of  our  subjects  differed  enough  from  the  general  level  of 
the  group  to  warrant  any  attempt  at  comparison  upon  this  point. 
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One  of  these  subjects  was  in  the  preliminary  group.  The  other 
is  Subject  iii  of  our  major  group  of  subjects.**  The  record  of 
the  latter  will  be  mentioned  ifirst. 

Subject  iii  of  Group  I  was  a  thirteen-year-old  boy  who  was  in 
about  the  middle  of  his  first  year  in  high  school.  "I  believe  he 
is  the  brightest  boy  I  have  ever  known,"  was  the  reply  of  his 
teacher  in  mathematics  when  asked  concerning  the  mental  ability 
of  the  boy.  The  father  of  this  boy  has  shown  remarkable  genius 
in  the  business  world.  A  comparison  of  the  record  of  this  sub- 
ject with  those  of  nine  other  subjects  of  Group  I  can  be  made  by 
turning  back  to  Table  III.  It  will  be  noticed  that  Subject  iii 
solved  all  the  problems  of  the  entire  experiment  in  8,425  second;* 
— considerably  less  time  than  was  required  by  any  other  subject. 
Subject  i,  the  next  speediest  in  point  of  time,  required  11,215 
seconds,  or  34.3  per  cent  more  time  than  was  required  by  the 
younger  competitor.  However,  Subject  i  required  only  165 
trials  whereas  Subject  iii  required  388.  Subject  ii  also  finished 
with  fewer  trials  than  were  required  by  Subject  iii.  Again, 
fewer  individual  problems  were  solved  by  each  of  these  adult 
subjects  than  by  Subject  iii  before  a  satisfactory  generalization 
for  all  series  could  be  formulated.  Thus  the  lead  in  time  which 
Subject  iii  gained  over  Subjects  i  and  ii  was  lost  in  the  greater 
number  of  reactions  required  for  the  attainment  of  a  given  de- 
gree of  mastery  of  the  problems.  Subject  iii  appeared  to  be  less 
conscious  of  method,  somewhat  more  reliant  upon  trial-and-error 
procedure,  and  quicker  in  reaction  than  Subjects  i  and  ii ;  but  in 
no  respect  did  his  responses  vary  so  much  from  those  of  these 
two  adults  as  did  those  of  some  of  the  other  adult  subjects. 

The  other  boy  who  participated  in  the  experiment  was  eleven 
years  old  and  had  just  completed  the  work  of  the  seventh  grade 
in  the  elementary  schools.  This  subject  served  in  the  preliminary 
experiments  in  which  fewer  of  the  discontinuous  series  wert 
given.  His  record  upon  these  series  is  not,  therefore,  strictly 
comparable  with  those  of  any  of  the  later  subjects.    Fortunately 

**With  the  exception  of  one  senior  college  student  all  of  the  adult  sub- 
jects of  Group  I  were  graduate  students  or  instructors  at  the  University 
of  Chicago. 
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the  father  of  this  boy,  a  doctor  of  philosophy,  solved  the  same 
problems  as  the  son  in  the  same  order.  Hereafter  we  shall  refer 
to  the  son  as  K  and  to  the  father  as  J.  The  only  difference  in  the 
procedure  with  these  two  subjects  was  that  J  did  the  work  in 
two  sittings  on  successive  days  whereas  K  worked  five  successive 
days  but  with  much  shorter  periods.  It  does  not  seem  probable, 
however,  that  the  relative  speed  of  progress  of  the  two  subjects 
was  seriously  affected  by  this  difference  in  the  length  of  periods 
of  work,  since  J  stopped  work  in  each  instance  as  soon  as  he 
began  to  feel  fatigued.  The  records  of  these  two  subjects  are 
given  in  Table  XVI. 

Table  XVI 
Summary  of  Records  of  Subjects  K  and  J. 


Subject  K 

Subject  J 

No 

Problems 

No. 

Problems 

Series 

No.  Trials 

Solved 

No.  Trials 

Solved 

1-2 

34 

9 

34 

17 

1-3 

13 

6 

18 

6 

1-4 

I 

I 

0 

0 

1-5 

0 

0 

0 

0 

2-3 

4 

2 

17 

10 

2-4 

3 

2 

45 

— 

2-5 

8 

2 

4 

2 

3-4 

2 

2 

ID 

8 

3-5 

3 

I 

0 

0 

3-6 

o 

0 

0 

0 

5-6 

I 

I 

0 

0 

3  or  I 

6 

4 

5 

5 

2  or  6 

22 

16 

8 

8 

3  or  9 

13 

9 

6 

9 

2  or  7 

36 

21 

14 

16 

Total 

146 

76 

116 

81 

**  Accidentally  omitted. 

There  is  no  marked  difference  in  the  work  of  these  two  sub- 
jects. They  required  the  same  number  of  trials  for  the  first 
series,  after  which  K  took  the  lead  throughout  all  of  the  remain- 
ing continuous  series  but  was  surpassed  by  J  in  the  discontinuous 
series.  However,  the  lead  established  here  by  J  was  so  small 
that  it  might  easily  have  been  lost  if  the  woric  of  the  two  sub- 
jects had  continued  further  along  parallel  lines. 
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It  is  worthy  of  note  that  this  eleven-year-old  boy  solved  all  of 
the  continuous  series  in  69  trials  though  the  best  record  estab- 
lished by  any  member  of  group  I,  that  of  Subject  ii,  ivas  79 
trials.  The  differences  in  procedure  in  the  work  of  FC  and  that 
of  Subject  ii  were  in  the  length  of  work  periods  and  in  the  fact 
that  K  (as  also  all  other  subjects  who  served  in  the  preliminary 
experiments)  did  not  have  the  stop-watch,  dictaphone,  and  met- 
ronome before  him  and  he  worked  with  matches  instead  of  beads. 
The  effect  of  these  differences  upon  the  rate  of  progress  was 
probably  not  great. 

Considering  the  complexity  of  the  mental  processes  involved 
and  the  limited  amount  of  data  at  hand,  it  would  be  rash  to  at- 
tempt an  explanation  of  the  essential  equality  in  the  achieve- 
ments of  these  children  with  those  of  the  most  capable  members 
of  our  highly  selected  group  of  educated  adult  subjects.  Fur- 
ther experiments  are  now  being  undertaken  upon  comparable 
groups  of  children  and  adults  with  a  view  to  the  analysis  and 
comparison  of  their  reactions  to  various  sorts  of  novel  problems. 
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IV.     DISCUSSION  AND  CONCLUSIONS 

For  convenience  of  treatment  we  have  divided  the  learning 
process  here  under  study  into  three  stages:  (i)  the  abstraction 
of  elements  from  the  problematic  situation,  (2)  the  combination 
of  essential  elements  into  higher  conceptual  units,  and  (3)  the 
application  of  these  higher  unitary  processes  to  situations  other 
than  those  out  of  which  they  arose.  Some  elements  advance 
into  the  later  stages  before  others  emerge  into  the  first,  and 
some  telescoping  of  successive  stages  occurs  with  many  of  the 
elements,  so  that  there  is  considerable  overlapping  of  stages  in 
the  process  of  solution  as  a  whole.  Yet  these  stages  are  char- 
acteristic enough  of  the  growing  adjustment  to  individual  ele- 
ments and  to  the  problem  as  a  whole  to  warrant  their  separate 
treatment. 

Each  stage  begins  with  diffusion  and  multiple  response,  and 
progresses  through  elimination  and  the  preservation  and  gradual 
co-ordination  of  essential  responses.  Trial  and  error  is  the 
method  of  procedure  in  all  stages,  but  the  materials  among  which 
variations  occur  are  somewhat  different  and  the  field  of  varia- 
tion is  progressively  narrowed  in  the  later  stages. 

A.  Abstraction  of  Elements. — Probably  none  of  the  elements 
of  the  problems  were  wholly  new  to  any  of  the  subjects  but  the 
essential  elements  were  sufficiently  mingled  and  fused  with  un- 
essential ones  to  require  considerable  analytic  activity  before  the 
solution  of  a  series  was  possible.  The  prevalence  of  random 
manipulation  in  the  first  stage  and  the  notable  failure  of  all  at- 
tempts at  anticipatory  analysis,  are  in  accord  with  Ruger's  ob- 
servations upon  the  close  external  similiarities  existing  between 
human  and  animal  methods  of  learning.*  Our  data  enable  us, 
in  a  modest  measure,  to  carry  the  comparison  beyond  the  super- 
ficial resemblances  into  the  selective  factors  which  determine  the 
course  of  learning.  This  is  not  an  easy  task,  however,  owing  to 
the  diversity  of  opinion  among  experimental  psychologists  con- 

*  Op,  cit,  p.  12. 
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cerning  the  selective  factors  in  animal  learning,  and  to  the  nec- 
essarily tentative  nature  of  inferences  as  to  the  factors  involved 
in  so  limited  a  study  as  our  own.* 

Perhaps  the  most  important  factor  in  the  abstraction  and  se- 
lection of  the  essential  elements  of  our  problems,  is  frequency  of 
repetition  of  responses  to  those  elements.  It  has  been  shown 
(see  above,  pp.  40-47)  that  attention  quickly  came  to  be  largely 
dominated  by  those  elements  of  the  problematic  situation  which 
were  most  often  repeated.  Likewise  those  elements  which  served 
most  frequently  as  stimuli  were  the  first  to  acquire  definite  mean- 
ings and  special  value  for  purposes  of  control. 

Usually  the  most  frequent  objective  element  of  response  was 
the  subject's  notation  of  the  number  of  beads  remaining  before 
each  of  his  own  draws.  Though  this  type  of  counting  did  not 
occur  with  all  subjects — ^at  times  some  counted  the  numbers  al- 
ready drawn  out  by  either  the  subject  or  the  experimenter  or  by 
both,  or  seemingly  did  not  count  at  all — yet  it  appeared  to  be  the 
dominant  form  of  response  of  the  rapid  learners,  and  indeed  of 
all  learners  during  periods  of  rapid  progress.  This  counting  re- 
action to  the  various  numbers  presented  was  clearly  a  basic  ele- 
ment in  the  formation  of  the  associations  upon  which  the  critical- 
number  meanings  were  founded.  It  cannot  be  maintained  that 
the  frequent  repetition  of  this  important  element  of  response  was 
merely  an  effect  rather  than  one  of  the  causes  of  learning,  since 
the  frequency  of  its  occurrence  tended  rather  to  be  diminished 
than  to  be  increased  by  learning.* 

Some  doubt  has  been  raised  as  to  the  possibility  of  change  in 

»Sce  Watson,  ''Behavior,"  pp.  267-268,  and  Joseph  Peterson,  "The  Effect 
of  Length  of  Blind  Alleys  on  Maze  Learning,"  Behav.  Mon.,  1917,  3,  No.  4. 

>  Speaking  of  the  status  of  frequency  and  recency  as  factors  in  maze 
learning  Joseph  Peterson  says:  "It  cannot  be  too  strongly  pointed  out  .  .  . 
that  this  increasing  percentage  of  reactions  agreeing  with  the  expectations 
based  on  recency  and  frequency  effects,  as  learning  advances  from  the  first 
random  stages  toward  the  establishment  of  a  regular  habit,  cannot  be  safely 
regarded  as  evidence  that  learning  is  brought  about  by  recency  and  fre- 
quency factors:  our  evidence  seems  to  justify  the  contrary  conclusion,  that 
this  increase  in  reactions  favoring  recency  and  frequency  factors  is  the 
result  of  the  learning."  (Peterson,  Joseph.  "Frequency  and  Recency  Fac- 
tors in  Maze  Learning  by  White  Rats,"  p.  359.) 
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the  order  of  responses  in  maze  learning  through  the  operation  of 
frequency  factors.*  Even  if  the  argument  is  well-founded,  it  is 
difficult  to  see  how  it  could  affect  the  explanation  of  learning  in 
the  present  study,  since  both  the  direction  of  attention  towards 
the  critical  numbers  and  the  growth  of  the  critical-number  mean- 
ings may  well  be  regarded  as  the  effect  of  the  mere  formation  and 
strengthening  of  associations  between  simultaneous  or  successive 
elements  of  stimulation  and  response.  There  is  no  necessity  for 
change  in  the  order  of  functioning  of  these  associations. 

It  need  hardly  be  said  that  we  do  not  mean  to  contend  that 
analysis  proceeds  upon  the  basis  of  the  principle  of  frequency 
alone.  As  previously  pointed  out,  the  order  in  which  the  various 
critical  numbers  were  abstracted  is  almost  the  exact  order  of 
their  nearness  to  the  goal,  or  end  of  the  trial.  This  is  in  accord 
with  the  observations  upon  the  maze-learning  of  rats.  Com- 
menting upon  Hubbert's  experiments,  upon  the  basis  of  which 
backward  elimination  had  been  denied,  Carr  says: 

Determining  the  average  number  of  trials  necessary  to  elimi- 
nate each  cul  de  sac,  the  order  of  elimination  for  the  entire  group 
was  6-5-3-4-2-1,  where  the  successive  errors  are  numbered  in 
order  from  the  entrance.  This  order  gives  by  the  rank  method 
a  positive  correlation  of  .943  between  quickness  of  elimination 
and  propinquity  to  the  food  box.  The  average  number  of  trials 
necessary  to  eliminate  the  last  three  errors  was  less  than  that  for 
the  first  three  for  90  per  cent  of  the  rats.  Surely  there  is  a  very 
pronounced  tendency  for  the  errors  to  be  mastered  in  proportion 
to  their  nearness  to  the  food  box,  and  the  deviation  from  the 
exact  correlation  for  each  rat  may  well  be  due  to  the  operation 
of  other  causal  agencies.* 

In  summarizing  her  data  concerning  the  order  of  elimination  of 
errors,  Vincent  says : 

The  elimination  of  the  final  members  of  the  series  first  is  not 
only  true  of  the  groups  as  a  whole  but  also  of  the  individual 
animals.® 

*  Ibid.,  pp.  347-348. 

^  Carr,  H.  A.  "The  Distribution  and  Elimination  of  Errors  in  the  Maze," 
Jour.  Animal  Behav.,  191 7,  vol.  7,  P-  146. 

«  Vincent,  Stella  B.  "The  White  Rat  and  the  Maze  Problem,"  Ibid.,  1915, 
vol.  5,  p.  371.  Regarding  the  applicability  of  Vincent's  data  Hubbert  and 
Lashley  say:    "In  the  form  in  which  this  is  presented,  however,  Vincent  is 
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Peterson  finds  the  same  general  backward  elimination  of  errors/ 
and  even  Hubbert  and  Lashley  agree  that 

when  the  averages  of  very  large  groups  of  animals  are  taken, 
there  does  seem  to  be  a  progressive  elimination  of  errors  from 
the  food  compartment  to  the  entrance  of  the  maze.* 

What  are  the  factors  upon  which  the  regressive  order  of  mas- 
tery of  the  elements  of  the  maze  and  of  our  own  problems,  is 
based?  Though  some  of  the  suggested  agencies  in  the  determi- 
nation of  the  order  of  learning  in  the  maze  are  obviously  inap- 
plicable to  our  problems,  it  is  not  improbable  that  the  determin- 
ing factors  are  in  part  identical  in  the  two  forms  of  learning. 
It  may  be  said  at  once  that  we  do  not  assume  with  Watson,  that 
the  demonstration  of  a  badcward  order  of  mastery  need  give  any 
comfort  to  the  advocates  of  the  retroactive  effects  of  pleasure 
as  a  causal  factor  in  learning.  As  a  matter  of  fact,  the  goal  of 
most  trials  of  our  subjects  was  defeat;  and  here,  as  elsewhere, 
defeat  usually  gave  rise  to  considerable  evidence  of  disappoint- 
ment or  annoyance. 

It  may  be  argued  that  no  explanation  is  necessary,  beyond  the 
greater  frequency  of  response  to  lower  than  to  higher  critical 
numbers.  This  argument  would  be  in  essential  agreement  with 
Peterson's  explanation  of  the  order  of  mastery  of  the  elements 
of  the  maze.'  That  other  factors  entered  into  the  determination 
of  the  order,  however,  is  clearly  evident  from  the  records  of 
some  of  the  subjects  of  Group  III.  While  wrestling  with  14 
beads  as  their  initial  problem  in  Series  1-2,  some  of  these  sub- 
jects made  nearly  all  of  their  errors  in  drawing  from  14,  or  11 
beads;  and,  in  consequence,  reacted  practically  as  often  to  9  as 
to  6  beads.  Yet  6  was  recognized  as  a  critical  number  some  time 
before  9  was  so  regarded.     Further  evidence  that  the  order  of 

not  justified  in  applying  the  data  to  the  problem.  She  makes  no  statement 
as  to  what  constituted  a  trial  in  her  experiments  and  in  two  'typical  records' 
...  we  find  that  the  rat,  after  reaching  the  food,  was  allowed  to  return 
and  re-explore  the  maze."     (Ibid.,  1917,  vol.  7,  p.  132.) 

^  Op.  cit,  pp.  360-361. 

^Hubbert  and  Lashley,  "The  Elimination  of  Errors  in  the  Maze,"  Jour. 
Animal  Behav.,  191 7,  vol.  7,  No.  2. 

•  Peterson,  Joseph,  op,  cit,  pp.  338-346. 
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learning  was  affected  by  the  relative  nearness  of  the  elements  to 
the  goal,  is  found  in  the  records  of  two  subjects  for  whom  the 
procedure  was  so  modiified  as  to  eliminate  the  frequency  factor, 
except  in  so  far  as  this  factor  is  itself  determined  by  proximity 
to  the  goal/®  All  of  the  critical  numbers  learned  by  these  two 
subjects  were  learned  in  the  exact  order  of  their  nearness  to  the 
goal. 

Attempts  to  solve  the  higher  numbers  by  merely  hitting  upon 
a  correct  sequence  of  draws  by  a  sort  of  long-range  trial  and 
error,  had  played  a  minor  role  in  learning  in  the  former  experi- 
ments, but  such  attempts  were  practically  useless  here.  Progress 
in  analysis,  which  had  previously  been  confined  to  the  elements 
near  the  goal,  was  here  almost  entirely  so  confined. 

At  the  beginning  of  their  work  our  subjects  (and  this  is  true 
of  all  the  groups)  were  able  to  foresee  the  outcome  of  a  trial 
from  a  distance  of  not  more  than  the  first  or,  rarely,  the  second 
critical  number  above  the  goal,  and  that  only  with  some  doubt 
and  uncertainty.  But  with  continued  repetitions  the  foresight  of 
consequences  became  clearer  and  more  certain  until  finally  the 
critical  number  next  above  the  goal  became  so  closely  associated 

"^^  The  first  of  these  subjects,  a  boy  of  fourteen  years  of  age,  worked  upon 
30  beads  in  Series  1-3  as  his  initial  problem.  To  avoid  the  suggestive  se- 
quence of  critical  numbers  in  exact  multiples  of  4,  success  in  a  trial  was 
defined  as  forcing  one's  opponent  to  draw  last.  The  critical  numbers  then 
become  i,  5,  9,  13,  etc.  Again,  the  simple,  suggestive  sequences  of  the  ex- 
perimenter's draws,  followed  in  the  earlier  experiments,  were  abandoned  in 
favor  of  more  difficult  sequences  which  would  tend  to  resist  formulation  "isid 
so  impel  the  subject  to  attend  more  exclusively  to  the  number  remaining^ 
before  each  draw. 

This  problem  was  found  to  be  too  difficult  After  73  trials  requiring  up- 
wards of  two  hours  of  time  the  subject  had  discovered  only  5,  9,  and  13  of 
the  critical  numbers  above  i,  and  had  made  practically  no  progress  in  the 
organization  of  the  few  facts  observed. 

A  simpler  problem,  consisting  of  a  similar  variation  of  Series  1-2  with  25 
as  the  initial  number,  was  therefore  given  to  the  second  subject.  This  sub- 
ject succeeded,  after  72  trials  occupying  a  little  less  than  two  hours,  in  dis- 
covering all  the  critical  numbers  in  his  problem  and  in  formulating  his  dis- 
coveries into  a  suitable  generalization  for  the  entire  series.  The  number  of 
draws  from  the  various  critical  numbers  was  here  almost  exactly  uniform, 
and  all  of  the  critical  numbers  were  discovered  in  the  exact  order  of  their 
magnitude. 
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with  defeat  as  to  constitute  a  new  point  of  orientation  from 
which  to  push  the  analysis  back  one  step  farther.  Thus,  after 
its  discovery  and  a  sufficient  number  of  repetitions  to  associate 
it  firmly  with  the  next  lower  critical  number,  each  critical  num- 
ber became  in  effect  a  new  goal.  Two  important  consequences 
follow  from  this  fact :  (a)  the  next  higher  critical  number  was 
brought  within  range  of  direct  and  more  or  less  clear  apprehen- 
sion of  the  consequences  of  each  of  the  possible  reactions  to  it, 
and  (b)  the  time  intervening  between  the  occurrence  of  each  of 
the  higher  critical  numbers  and  the  full  realization  of  defeat,  was 
reduced  by  a  number  of  seconds. 

It  may  be  argued  that  (a)  would  result  merely  in  the  arousal 
of  a  new  type  of  reaction  to  the  critical  number  next  above  the 
new  point  of  orientation,  which,  by  frequent  repetition,  would 
gradually  get  itself  established  as  the  invariable  response.  This 
fact  is  freely  admitted.  But  since  the  arousal  of  this  sort  of  re- 
sponse is  directly  dependent  upon  the  proximity  of  its  stimulus 
to  the  goal,  its  repetition  can  hardly  be  used  as  evidence  that 
frequency  factors  are  alone  responsible  for  the  regressive  order 
of  mastery  of  the  elements  of  the  problem.  On  the  contrary,  the 
retroactive  influence  of  the  goal  in  selecting  and  consolidating 
the  closely  preceding  essential  reactions  is  here  clearly  evident. 

Whatever  causal  agencies  may  have  been  involved,  there  can 
be  no  doubt  that  the  rate  of  formation  of  associations  between 
the  goal  response  (the  positive  recognition  of  defeat  in  the  cur- 
rent trial)  and  the  various  critical  numbers  varied  directly  with 
the  relative  nearness  of  these  numbers  to  the  goal.  There  seems 
to  be  no  good  reason  why  association  should  not  be  facilitated  by 
a  close  temporal  approximation  of  the  various  elements  to  be 
associated.  That  such  facilitation  does  occur  is  suggested  by 
certain  experimental  observations  by  Carr  and  Froeberg  upon 
animal  and  human  learning  respectively.     Carr  says: 

The  final  co-ordination  consists  of  an  association  between  each 
act  and  the  sensory  aspects  of  the  preceding  act  as  well  as  a  dis- 
tinctive motor  attitude  resulting  from  the  same.  The  relative 
efficiency  of  the  two  stimuli  in  determining  the  choice  varies 
with  the  individual.     The  problem  was  mastered  quickest  by 
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those  animals  that  relied  mainly  upon  the  factor  of  motor  atti- 
tudes in  making  their  choice.  This  fact  suggests  the  hypothesis 
that  the  speed  of  learning  is  to  some  extent  a  function  of  the  de- 
gree of  temporal  contiguity  between  the  terms  to  be  associated." 

Froeberg  studied  the  effects  of  varying  the  length  of  the  inter- 
val between  the  presentation  of  nonsense  syllables  in  pairs,  the 
interval  being  occupied  by  the  repetition  of  two-digit  numbers. 
Commenting  on  his  results  he  says : 

There  is  thus  a  distinct,  though  irregular,  decrease  in  the  num- 
ber of  right  responses  as  the  interval  between  the  numbers  of  the 
pair  in  successive  presentation  increases." 

This  view  of  the  effect  of  the  degree  of  temporal  contiguity 
upon  the  speed  of  association  is  in  accord  with  the  close  relation 
already  observed  between  the  speed  of  reaction  of  our  subjects 
and  the  quickness  of  their  discovery  of  the  principle  of  drawing 
opposites.  Moreover,  the  operation  of  such  contiguity  factors  is 
evident  in  the  fact  that  subjects  commonly  learned  to  recognize 
the  critical  status  of  numbers  some  time  before  they  were  able 
to  give  a  reason  for  it. 

Thus  in  dealing  with  novel  situations  through  the  abstraction 
of  essential  situation-  and  response-elements  and  the  organiza- 
tion of  these  elements  into  serviceable  concepts,  mere  frequency 
of  repetition  appears  to  play  a  role  of  no  less  importance  than  in 
the  selection  and  combination  of  essential  elements  of  stimulus 
and  response  into  effective  sensori-motor  co-ordinations.  The 
mechanical  operation  of  frequency  and  of  the  factors  mentioned 
in  (a)  and  (b)  above  appears  also  to  be  quite  as  effective  in  de- 
termining the  order  of  mastery  of  the  elements  in  this  tjrpe  of 
conceptual  learning  as  it  has  been  supposed  to  be  in  sensori-motor 
learning." 

i^Carr,  H.  A.  "The  Alteraation  Problem,"  Jour.  Animal  Behav.,  1917, 
vol.  7»  No.  5,  p.  384. 

1*  Froeberg,  Svcn.  "Simultaneous  versus  Successive  Association,"  Psych. 
Rev.,  1918,  vol.  25,  No.  2,  p.  162. 

^B  Under  the  conditions  of  maze  learning  the  process  mentioned  in  (a) 
need  involve  only  direct  responses  of  the  conditioned-reflex  type  to  present 
stimuli.  This  statement  would  appear  to  imply  the  operation  of  "retroactive 
association,"  the  possibility  of  which  has  been  questioned  by  Hubbert  and 
Lashley  (op.  cit.)  and  by  Peterson  (Joseph  Peterson,  "Frequency  and  Re- 
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B.  Combination  of  Essential  Elements. — In  the  early  stages  of 
the  analysis  of  our  problems,  as  at  the  beginning  of  the  learning 
of  telegraphy,  typewriting,  chess  playing,  etc.,  the  individual  ele- 
ments are  apprehended  in  relative  isolation.  Attention  to  one  ele- 
ment precludes  attention  to  others  at  the  moment,  with  the  result 
that  the  responses  are  of  a  random,  haphazard  character.  With 
the  progress  of  learning  the  span  of  attention  is  gradually  broad- 
ened by  the  combination  and  organization  of  individual  elements 
into  larger,  more  meaningful  units  through  which  it  is  possible 
to  focus  one's  relevant  experiences  upon  new  situations  with  a 
minimum  loss  of  time  and  effort. 

Regarding  this  process  of  combination  and  organization  of 
essential  elements  Cleveland  says: 

How  organization  can  best  be  brought  about  is  still  an  open 
question.  ...  Its  ultimate  nature  we  do  not  know.  To  a  great 
extent  the  material  organizes  itself,  i.e.,  the  organization  is  j^ysi- 
ological  and  a  matter  of  growth.** 

That  this  organization  is  very  largely  independent  of  explicit 
conscious  direction  is  indicated  by  the  fact  that  the  critical  status 
of  numbers  was  usually  recognized  before  the  subject  was  able 
to  give  a  reason  for  it;  that  the  prinicple  of  drawing  opposites 

cency  Factors  in  Maze  Learning  by  White  Rats,"  Jour.  Animal  Behav.,  1917, 
vol.  7,  No.  5)  though  it  is  not  entirely  clear  what  connotation  is  to  be  given 
the  term.  If  a  "pleasurable  situation"  at  the  end  of  the  series  of  responses 
to  be  learned  is  an  essential  factor,  it  is  quite  ai4>arent  that  there  was  no 
retroactive  association  operative  in  the  learning  of  our  subjects.  But  the 
inclusion  of  this  factor  was  seemingly  not  intended— diough  one  cannot  but 
suspect  that  the  aversion  to  the  idea  of  retroactive  association  arises  from 
its  early  complication  with  the  controverted  stamping-in  effects  of  pleasure — 
since,  after  its  definition  in  terms  of  reactions  leading  up  to  a  pleasurable 
situation,  the  process  is  restated  in  terms  of  conditioned  reflexes. 

Hubbert  and  Lashley's  evidence  against  the  presence  of  retroactive  as- 
sociation in  maze  learning  is,  to  say  the  least,  inconclusive.  The  effect  of  the 
marked  progressive  shortening  of  the  true  runways  toward  the  center  of 
the  maze  was  not  determined.  Peterson  (Joseph,  op.  cit.,  p.  361)  has  pointed 
out  two  other  sources  of  weakness  in  their  argument.  Yet  he  writes  (p. 
362)  :  "There  seems  to  be  no  'retroactive  association'  necessary,  as  Hub- 
bert and  Lashley  rightly  conclude."  His  evidence  for  this  more  conservative 
view  is,  however,  drawn  from  his  own  experiments. 

**  Cleveland,  A.  A.  "The  Psychology  of  Chess  and  of  Learning  to  Play 
It,"  American  Journal  of  Psychology,  1907,  vol.  XVIII,  p.  297. 
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was  often  followed  and  sometimes  clearly  formulated  before 
the  reason  for  it  was  known,  and  that  solutions  for  series  some- 
times obtruded  themselves  upon  a  subject's  consciousness  after 
a  period  of  rest  during  which  no  thought  had  been  given  to  the 
problem  and  prior  to  which  the  subject's  grasp  of  the  elements 
of  the  problem  had  been  characterized  by  confusion  and  lack  of 
organization.  Moreover,  the  unreasoned  recognition  of  the  prin- 
ciple of  drawing  opposites,  and  the  backward  order  of  learning 
of  critical  numbers,  are  clearly  explicable  on  the  basis  of  fre- 
quency of  repetition  and  close  temporal  contiguity  of  the  ele- 
ments which  were  associated,  as  already  shown. 

The  essential  elements  were  unified  not  so  much  by  direct  as- 
sociation from  one  element  to  another  as  by  the  association  of 
each  element  with  a  common  intervening  symbol.  The  character 
and  manner  of  selection  of  such  a  symbol  is  a  matter  of  some 
importance.  Sometimes,  during  the  early  stages  of  imification, 
the  intervening  symbol  is  merely  one  of  the  elements  of  the  con- 
crete situation,  or  a  direct  response  to  such  a  situation-element, 
which  happens  to  occur  more  frequently  than  others  or  to  possess 
some  other  advantage,  perhaps  of  intensity,  duration,  or  posi 
tion.  Thus  the  goal  of  the  trial,  or  the  attitude  aroused  by  de- 
feat, or  the  verbal  expression  of  the  latter  appeared  to  serve  as 
a  common  symbol  in  the  early  stages  of  analysis  and  organiza- 
tion. 

But  as  soon  as  enough  numbers  had  been  classified  as  "losing," 
"impossible,"  or  "insoluble"  to  give  the  subject  a  general  schem- 
atic impression  of  the  character  of  the  problem,  the  efforts  at 
organization  began  to  proceed  more  largely  through  the  arousal 
and  application  of  old  concepts  which  functioned  as  a  crude  sort 
of  hypotheses.  Here  the  associations  between  the  elements  and 
the  symbol  were  already  in  existence,  provided  the  conception, 
or  hypothesis,  was  correct.  Henceforth  the  problem  of  unifica- 
tion became  more  a  matter  of  calling  up  and  testing  out  of  vari- 
ous trial  hypotheses  than  of  the  formation  of  new  associations. 

The  various  concepts  which,  under  the  influence  of  the  general 
conception  of  the  problem,  functioned  as  hypotheses,  appear  to 
have  been  aroused  in  three  fairly  distinct  ways:   (a)  through 
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their  association  with  a  specific  element  of  the  problem,  (b) 
through  the  combined  associative  pull  of  a  number  of  discon- 
nected elements  observed  in  rapid  succession,  and  (c)  through 
their  association  with  relations  observed  to  exist  between  indi- 
vidual elements,  or,  perhaps,  with  symbols  representing  such  re- 
lations. 

As  an  Example  of  (a),  a  subject  has  conceived  of  9  as  an  in- 
soluble number.    It  occurs  to  him  that  9  is  an  odd  number  or 
that  it  is  a  multiple  of  3,  and  he  straightway  infers  that  all  odd 
numbers  or  all  multiples  of  3,  as  the  case  may  be,  are  insoluble. 
This  is  the  all  but  exclusive  manner  of  origination  of  hypotheses 
in  the  early  stages  of  learning  when,  owing  to  a  lack  of  acquain- 
tance with  the  elements  of  the  problem,  the  span  of  attention  to 
the  elements  is  very  narrowly  limited.    Subjects  who  have  passed 
beyond  the  early  stages  of  learning  also  revert  to  this  form  under 
the  stress  of  emotion,  self -consciousness,  or  fatigue,  which  tend 
seriously  to  narrow  the  span  of  attention  to  the  elements  of  the 
problem.    There  are  some  individuals  who,  through  native  limi- 
tations of  the  span  of  attention  seem  doomed  to  a  marked  de- 
pendence upon  this  primitive  form  of  arousal  of  hypotheses. 
These  subjects  were  prone  to  react  hastily.    They  drew  rapidly 
and,  disregarding  recently  observed  and  often  well-known  facts, 
frequently  jumped  to  unwarranted  conclusions  from  which  they 
showed  little  ability  to  extricate  themselves  by  crucial  tests.  That 
the  limitation  of  the  span  of  attention  exhibiting  itself  in  this 
lack  of  inhibition  is  probably  native  is  indicated  by  the  fact  that 
the  reactions  of  these  subjects  continued  to  be  relatively  rapid 
and  ineffective  even  after  an  acquaintance  had  been  gained  with 
a  fairly  large  number  of  elements.    There  are,  of  course,  some 
subjects  who  are  able  to  deal  both  rapidly  and  effectively  with  a 
wide  variety  of  elements.     Subjects  iii  and  xi  were  the  most 
notable  examples  of  this  type. 

THe  origination  of  hypotheses  in  the  manner  described  in  (b) 
was  observed  in  the  later  stages  of  learning,  particularly  in  the 
work  of  subjects  who  inhibited  the  primitive  tendency  to  general- 
ize upon  every  instance  and  were  intent  upon  the  discovery  and 
retention  of  several  critical  numbers  prior  to  generalization. 
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With  repeated  recall  of  such  previously  observed  critical  num- 
bers there  was  an  increased  facility  manifesting  itself  in  greater 
speed  of  repetition.  Finally,  after  one  or  two  repetitions  of  sev- 
eral critical  numbers  in  rapid  succession,  the  subject  would  sud- 
denly announce  his  belief  that  all  multiples  of  3  are  insoluble. 
Likewise,  the  later  discovery  of  the  superficial  relation  of  criti- 
cal numbers  to  the  sum  of  the  L-  and  H-draws  often  appeared 
to  arise  from  the  combined  associative  pull  of  a  number  of  rap- 
idly reviewed  instances  the  essential  feature  of  which  as  sepa- 
rate instances  were  not  clearly  apprehended.  Here  also,  as  in 
dealing  with  the  critical  numbers  of  a  single  series,  the  first  gen- 
eral formulation  was  usually  given  in  a  tentative  manner  and 
further  evidence  sought  for  its  proof.  But  the  further  evidence 
by  which  proof  was  established  was  usually  of  exactly  the  same 
type  as  that  which  had  preceded  the  formulation,  namely,  the 
enumeration  of  more  confirmatory  instances  and  the  absence  of 
refractory  ones.^'  Sometimes  hypotheses  originated  in  explicit 
analysis  and  comparison  of  the  elements  of  one  or  more  series. 
This  is  the  type  of  origin  mentioned  in  (c)  above.  At  its  best 
this  process  involves  a  clear  insight  into  the  causal  relations  of 
the  phenomena  in  question  and  carries  its  own  confirmation.  At 
its  worst  it  results  in  false  analogies  of  the  sort  mentioned  in  the 
discussion  of  negative  transfer  (see  above,  p.  95  ff.).  This 
process  is  dependent  upon  a  fair  acquaintance  with  the  elements 
of  the  problem  and  is  therefore  impossible  in  the  early  stages  of 
adjustment  to  really  novel  situations. 

But  the  function  of  incipient  hypotheses  was  not  confined  to 
the  mere  unification  of  previously  discovered  elements.  These 
trial  conceptions  served  also  to  direct  attention  to  hitherto  un- 
known elements  and  so  aided  materially  in  the  discovery  of  new 
data."  The  latter  fimction  is  particularly  noticeable  in  case  of 
such  concepts  as  even  and  odd  numbers,  every  other  number, 
multiples  of  3,  etc.  The  verification  of  such  an  hypothesis 
through  its  appliation  to  previously  known  data  and  its  function- 
ing in  the  discovery  of  new  facts  are  but  slightly  different  phases> 

i»  Cf.  Dewey,  "Studies  in  Logical  Theory,"  p.  174. 
*«  Cf.  Dewey,  op,  cit,  p,  145. 
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of  the  same  process  of  application.  Both  can  be  explained  upon 
the  basis  of  the  laws  of  habit^^  For  example,  suppose  that  15 
is  under  consideration  and  is  conceived  as  a  multiple  of  3. 
Other  multiples  of  3  are  immediately  called  to  mind  by  associa- 
tion. But  there  is  no  invariable  sequence.  Sometimes,  in  ac- 
cordance with  the  habit  of  counting  upwards,  18  and  21  are  the 
first  associates  aroused;  sometimes  the  first  associates  to  be 
aroused  are  12  and  9,  owing  perhaps  to  the  recency  of  their  repe- 
tition. Simple  associations  of  this  sort  probably  account  for 
much  of  the  directive  value  of  the  more  elaborate  hypotheses  of 
science. 

There  is  a  notable  difference  in  the  explicitness  and  stability 
of  hypotheses  in  different  stages  of  their  development.  In- 
cipient hypotheses  often  occur  in  the  early  stages  of  the  work  as 
fleeting  and  perhaps  vague  insights.  Further  familiarization 
with  the  elements  of  the  problem  gives  greater  explicitness  and 
stability  to  these  hypotheses,  though  lapses  still  occur  as  is  evi- 
denced by  the  subjects'  failure  to  make  even  the  simplest  and 
most  obvious  applications.  A  degree  of  instability  sometimes 
persists  long  into  the  later  stages  of  the  experiment  owing  to 
the  rivalry  of  conflicting  or  superfluous  hypotheses  which,  though 
entertained  earlier  in  the  game,  may  have  been  neglected  in  the 
meantime.  Book  found  a  similar  instability  in  the  building  up 
of  co-ordinations  in  typewriting.    He  says : 

It  was  observed  by  the  learners  that  the  older  and  more  ele- 
mental habits  used  in  the  earlier  stages  of  writing  tended  strongly 
to  persist  and  force  themselves  upon  the  learner  long  after  they 
had  been  superceded  by  higher-order  habits.  At  every  lapse  in 
attention  or  relaxation  of  effort,  the  older  habits  stepped  for- 
ward, as  it  were,  and  assumed  control,  thereby  tending  to  per- 
petuate themselves.  Only  when  a  high  degree  of  effort  was  be- 
ing permanently  applied  .  .  .  was  attention  forced  to  lay  hold 
of  the  higher  and  more  economical  methods  of  work."  Refer- 
ring later  to  these  fluctuations  of  attention  and  performance  he 
says:     *They  were  wholly  beyond  the  learner's  control.     He 

i^This  is  in  accord  with  Thomdike's  view  that  "learning  by  inference  is 
not  opposed  to,  or  independent  of,  the  laws  of  habit,  but  is  really  their  neces- 
sary result  under  the  conditions  imposed  by  man's  nature  and  training." 
(Thomdike,  E.  L.    "Educational  Psychology,"  vol.  II,  p.  36.) 
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could  not  avoid  them  and  could  do  little  to  regulate  or  control 
them."" 

Continued  attempts  to  deal  with  similar  materials  brought 

about  a  gradual  strengthening  of  the  associations  necessary  for 
the  more  ready  arousal  of  appropriate  concepts  and  the  conse- 
quent failure  of  inappropriate  ones  to  suggest  themselves.  This 
gradual  automatization  of  the  higher  conceptual  responses  was 
observed  by  Qeveland  in  his  study  of  chess.  After  giving  an 
account  of  the  combination  of  significant  elements  into  larger 
complexes  in  which  general  terms  "built  up  step  by  step"  became 
increasingly  more  prominent,  he  says : 

We  are  in  the  habit  of  speaking  of  the  automatic  in  the  motor 
realm,  meaning  by  it  that  certain  movements  or  combinations  of 
movements  are  carried  on  without  conscious  guidance.  Is  there 
such  a  thing  as  automatism  in  the  realm  of  ttie  purely  intellect- 
ual ?  It  seems  to  me  that  this  question  is  to  be  answered  in  the 
affirmative.  There  is  something  in  the  purely  intellectual  life 
corresponding  to  motor  automatism,  which  is  shown  in  the  abil- 
ity to  think  symbolically  or  abstractly,  and  thus  to  handle  large 
masses  of  detail  with  a  minimum  of  conscious  effort.  It  involves 
the  increasing  ability  to  take  in  during  a  single  pulse  of  atten- 
tion a  larger  and  larger  group  of  details  which  means,  of  course, 
that  the  attention  is  no  longer  needed  for  each  one." 

The  combination  of  elements  entering  into  a  concept  through 
various  stages  of  automatization,  is  well  illustrated  in  Fisher's 
study  already  referred  to.  Her  subjects  were  presented  with  a 
series  of  ten  somewhat  similar  figures  exposed  in  succession  for 
three  seconds  each.  Each  group  was  given  a  nonsense  name, 
and  the  task  consisted  in  defining  the  group  name  after  the  ob- 
servation of  the  scries.  When  repeated  exposures  revealed  no 
additional  essential  features  the  exposures  were  discontinued;  but 
the  subjects  continued  at  later  sittings  to  recall  the  essential  fea- 
tures of  each  group  and  report  them  as  usual.  Regarding  the 
automatization  of  these  concepts  the  author  says: 

Functionally  viewed  (i.e.,  r^^rded  from  the  point  of  view  of 
the  difficulty  and  effortf ulness,  or  the  ease  and  mechanizedness 

»»  Book,  "The  Psychology  of  Skill,"  pp.  94,  122. 

i»  Qeveland,  "The  Psydwlogy  of  Chess  and  Learning  to  Play  It,"  Ameri- 
can Journal  of  Psychology,  vol  18,  p.  300.  , 
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with  which  the  concept-meanings  entered  consciousness),  the  re- 
calls ranged  from  an  initial  form  in  which  more  or  less  hesita- 
tion was  present,  to  a  final  form  which  was  marked  by  a  high 
degree  of  mechanization  and  where  the  spoken  statements  fol- 
lowed in  uneventful  fashion,  either  immediately  upon  the  in- 
structions themselves,  or  upon  a  brief  and  transitory  visual  or 
verbal  image  which  served  to  'set  off'  the  train."  Describing  the 
final  stage  of  the  developments  of  the  concepts  under  observation 
she  continues:  "At  this  stage  the  experience  of  generality  was 
nothing  more  than  an  unhesitating,  ready,  and  even  mechanical 
mentioning  of  the  general  features.  .  .  .  The  generality  ex- 
perience was  based  essentially  upon  nothing  more  than  a  highly 
mechanized  association  between  the  words  'Zalofs  are  objects 
having,* — or  'Zalofs  always  have,' — ^and  the  enumeration  of  the 
essentials.  The  recalls  were  often  given  on  a  very  automatic 
fashion." 

In  recapitulation  it  may  be  said  that,  in  the  early  stages  of 
learning,  those  elements  which  occurred  most  frequently  and  in 
closest  temporal  contiguity  were  generally  the  first  to  be  com- 
bined into  higher  units.  Certain  situation-  and  response-ele- 
ments which  occurred  most  often  and  in  closest  proximity  to 
other  elements,  became  so  closely  associated  with  the  latter  as  to 
serve  as  symbols  through  which  the  various  elements  were  co- 
ordinated and  their  subsequent  recall  much  facilitated.  In  the 
later  stages  of  learning  symbols  representing  well-organized  con- 
cepts were  called  in  by  association.  Through  the  medium  of 
these  symbols,  and  again  by  means  of  specific  associations,  mean- 
ings were  transferred  from  previously  known  to  newly  dis- 
covered elements.  Associations  of  this  sort  at  first  functioned 
slowly  and  imperfectly,  but  continued  repetition  brought  about 
a  facility  and  even  automaticity  of  functioning  comparable  to 
that  of  sensorf-motor  co-ordinations. 

C.  Application  of  Knowledge. — As  previously  mentioned  no 
marked  tendency  was  observed  for  perceptual  solutions  to  find 
application  beyond  the  limits  of  the  specific  concrete  situations  in 
which  they  occurred.  This  absence  of  transfer  was  attributed 
to  the  fact  that  responses  were  made  directly  to  the  objective 
situation  rather  than  indirectly  through  the  intervention  of  a 
symbol.     The  solution  of  numbers  beyond  the  range  of  direct 
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perceptual  control  showed,  on  the  other  hand,  a  very  marked 
tendency  to  apply  to  new  situations.  This  fact  was  attributed  to 
the  intervention  of  symbols,  which  was  necessitated  by  the  extent 
and  complexity  of  the  materials  to  be  controlled  in  the  attainment? 
of  a  solution. 

The  reason  for  the  superior  applicability  of  solutions  involv- 
ing the  use  of  symbols  is  not  far  to  sedc.  The  numerical  sym- 
bols used  in  counting  the  beads  remaining  before  each  draw  have 
been  more  frequently  repeated  than  the  concrete  situations  un- 
derlying the  perceptual  solutions  and  are  therefore  more  easily 
recalled.  Because  of  the  greater  ease  of  recall  of  often-repeated 
symbols  than  of  seldom-observed  situations,  whatever  meanings 
have  been  detached  from  the  latter  and  associated  with  such  sym- 
bols are  more  easily  aroused  in  the  presence  of  new  situations. 
This  advantage  in  the  facility  of  recall  of  general  symbols  is 
important  in  as  much  as  the  conditions  of  application  generally 
require  the  recall  of  the  materials  to  be  applied,  while  attention 
is  directed  primarily  to  the  present  problematic  situation. 

But  it  is  not  through  the  greater  ease  of  recall  of  meanings 
which  have  grown  out  of  the  problem  situation  and  become  at- 
tached to  the  symbols  so  much  as  through  the  arousal  of  pre- 
viously formed  associations  that  such  symbols  serve  to  facilitate 
the  application  of  old  experiences  to  new  situations.  The  sym- 
bols here  employed  in  the  reaction  to  all  proMems  above  6  or  7 
beads,  were  necessarily  numerical  symbols  which  were  already 
organized  into  various  orderly  sequences.  The  moment  such  a 
symbol  is  used  each  of  these  sequences  tends  to  be  aroused 
through  association,  and  thus  to  extend  the  meaning  of  the  term 
imder  momentary  consideration  to  the  other  terms  of  the  sug- 
gested series.  Thus  12,  pronounced  insoluble  and  conceived  as 
an  even  number,  tended  strongly  to  suggest  the  insolubility  of 
other  even  numbers  such  as  10  and  14.  But,  conceived  as  a 
multiple  of  3,  it  tended  to  suggest  the  insolubility  of  9,  15,  etc. 
The  tendency  for  meanings  to  apply  themselves  to  new  data 
through  the  medium  of  such  general  s3rmbols  was  often  so 
strong  as  to  distort  the  memory  of  frequently  observed  facts.* 
Thus  one  of  the  preliminary  subjects,  observing  the  insolubility 
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of  1 8  beads  in  Series  1-2  and  conceiving  it  as  an  even  number, 
immediately  lost  his  somewhat  feeble  grasp  upon  previously  ob- 
served facts  and  "remembered"  positively  that  16,  14,  12,  and 
ID  were  also  insoluble  numbers. 

The  range  of  application  is  obviously  determined  largely  by 
the  generality  of  the  symbol  through  which  transfer***  is  to  be 
effected,  i.e.,  by  the  number  and  variety  of  particulars  represented 
by  the  symbol.    When,  for  example,  the  critical-number  mean- 
ings were  associated  with  6,  they  were  applicable  to  but   one 
number  in  a  single  series.    When  these  meaning^  became  asso- 
ciated with  the  more  general  symbol,  a-multiple-of'S,  they   be- 
came applicable  to  all  numbers  of  the  first  series.    Finally,  when 
the  still  more  general  symbol,  L  -\-  H,  was  substituted  for  the  3 
of  the  earlier  formula,  the  associated  meanings  became  appli- 
cable to  all  problems  of  all  continuous  series.    This  is  in  accord 
with  Judd's  view  that  application  is  much  facilitated  by  gener- 
alization.*^ 

It  is  of  course  possible  for  knowledge  to  be  expressed  in  gen- 
eral form  without  necessarily  being  generalized.  There  is,  as 
Dewey  observes,  "always  danger  that  symbols  will  not  be  truly 
representative;  danger  that  instead  of  calling  up  the  absent  and 
remote  in  the  way  to  make  it  enter  a  present  experience,  the  lin- 
guistic media  of  representation  will  become  an  end  in  them- 

♦This  tendency  was  probably  strengthened  in  our  experiments  by  the  gen- 
eral conception  of  the  problem. 

Speaking  of  the  influence  of  specific  associations  upon  thinking,  Thorn- 
dike  says:  "It  has  long  been  apparent  that  man's  erroneous  inferences — his 
unsuccessful  responses  to  novel  situations — are  due  to  the  action  of  mis- 
leading connections  and  analogies  to  which  he  is  led  by  the  laws  of  habit. 
It  is  also  the  fact,  though  it  is  not  so  apparent,  that  his  successful  responses 
are  due  to  fruitful  connections  and  analogies  to  which  he  is  led  by  the  same 
laws."  (Educational  Psychology,  vol.  11,  p.  48.)  The  operation  of  the  law 
of  habit  is  here,  however,  as  obvious  in  the  arousal  of  correct  as  of  incor- 
rect responses  through  the  medium  of  the  general  symbol. 

*<*Bode  argues  that  "transfer  of  training,  when  translated  into  terms  of 
presentday  knowledge,  means  the  extension  or  applicaiton  of  meanings  to 
new  problems  or  new  situations."  (Boyd  Henry  Bode,  "A  Reinterpretation 
of  Transfer  of  Training,"  Educational  Administration  and  Supervision,  voL 
V,  1919,  p.  107.) 

2ijudd,  C.  H.    "Psychology  of  High-School  Subjects,"  pp.  392-435- 
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selves."**  Even  though  the  symbol  may  previously  have  acquired 
a  wide  range  of  meaningful  associations,  it  may,  through  the 
subject's  lack  of  acquaintance  with  the  elements  of  the  present 
situation,  function  as  a  mere  verbal  response.  Thus  the  hypothe- 
sis that  that  all  multiples  of  3  are  insoluble  often  failed  to  ftmc- 
tion  in  any  noticeable  degree  until  long  after  its  first  explicit 
formulation,  if  such  formulation  chanced  to  occur  before  a  fair 
acquaintance  with  the  elements  of  the  situation  had  been  gained. 
That  the  degree  of  acquaintance  with  the  elements  strongly  af- 
fects the  applicability  of  generalizations  to  new  problems,  is  also 
suggested  by  the  fact  that  the  d^ree  of  transfer  from  Series  1-2 
to  Series  1-3  was  much  greater  for  subjects  whose  progress 
through  the  first  series  was  slow  than  for  those  who  progressed 
rapidly. 

The  discovery  of  new  elements  of  the  situation  through  the 
associative  action  of  a  general  symbol  and  the  transfer  of  old 
meanings  to  these  elements  through  the  same  medium,  must  in- 
evitably lead  to  errors,  since  there  is  no  certainty  that  the  re- 
quired symbol  will  be  the  first  aroused  or  that  when  once  aroused 
this  symbol  will  call  up  only  the  correct  association.  Trial  and 
error  is  obviously  an  essential  method  of  procedure  so  long  as 
any  of  the  elements  of  the  old  or  the  new  situation  remain  un- 
known, i.e.,  whenever  new  applications  are  being  attempted.  If 
the  old  situation  is  not  fully  analyzed,  the  generalization  may  be 
erroneous  or  inadequate;  if  analysis  of  the  new  situation  is  not 
complete,  nonessential  elements  may  dominate  attention  and  thus 
bring  about  the  arousal  of  inappropriate  conceptions. 

From  the  foregoing  facts  it  is  apparent  that  transfer  is  much 
facilitated  by  explicit  generalization  of  experiences.  This  facili- 
tation can  be  accounted  for  on  the  basis  of  the  operation  of 
specific  associations  between  the  symbols  required  for  generali- 
zation and  the  elements  of  direct  experience,  which  furnish  the 
materials  for  generalization.  The  degree  of  transfer  appears  to 
depend  upon  both  the  number  and  the  strength  of  such  associa- 
tions. It  is  also  dependent  largely  upon  the  d^ree  of  acquaint- 
ance with  the  elements  of  the  problematic  situation  to  which  ap- 

*2  Dewey,  J.    "Democracy  and  Education,"  p.  272. 
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plication  is  to  be  affected.  The  educational  value  of  a  habit  of 
analyzing  and  generalizing  experiences,  which  may,  according  to 
Judd,'*  be  developed  by  constant  exercise  of  those  functions,  is 
beyond  question.  But  it  should  not  be  forgotten  that  this  habit 
must  function  in  more  or  less  familiar  materials  and  through  the 
operation  of  specific  associations.  Its  value  depends  far  more 
upon  a  gradual  ordering  of  daily  experiences,  through  repeated 
attempts  at  analysis  and  generalization,  into  such  a  flexible,  sys- 
tematic form  as  will  make  them  available  for  future  use,  than 
upon  sudden  transformation  of  experiences  at  the  moment  of 
need. 

D.  General  Concltisions. — Trial  and  error  appears  to  be  a  uni- 
versal method  of  procedure  in  learning  of  the  problem-solving 
type.  Not  only  does  this  procedure  dominate  the  early  stages  of 
analysis  of  new  materials,  but  it  is  a  conspicuous  factor  in  the 
determination  of  progress  in  the  generalization  of  knowledge  and 
its  application  to  new  situations.  The  field  of  variation  is  gradu- 
ally limited  through  the  effects  of  generalization,  and  the  testing 
out  of  trial  responses  is  facilitated  through  the  familiarization 
of  the  elements  of  the  situation.  Thus  larger  and  larger  units 
of  response  come  to  be  represented  ideationally  and  tested  out 
either  overtly  or  in  imagination;  but  the  general  trial-and-error 
character  of  the  process  remains  always  the  same. 

The  most  obvious  factors  in  the  selection  and  accentuation  of 
essential  elements  were  frequency  of  repetition  of  elements  and 
their  relative  nearness  to  a  goal,  or  end  of  action.  Generalization 
and  application  of  experiences  were  apparently  somewhat  less, 
though  still  largely,  controlled  by  the  same  factors. 

Progress  in  the  detachment  of  elements  and  their  generaliza- 
tion and  application  to  new  situations  can  be  traced  largely  to 
the  gradual  formation  and  automatization  of  specific  associations 
and  to  the  associative  arousal  of  previously  formed  concepts. 
But  it  should  not  be  forgotten  that  old  concepts  wrung  into 
service  in  this  manner  are  themselves  the  product  of  earlier  pro- 
cesses of  gradual  formation  and  mechanization  of  associations, 
essentially  similar  to  the  learning  of  sensori-motor  co-ordina- 

2»  Op.  dt,  pp.  432-435. 
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tions.  The  learning  process  is  not  so  much  modified  as  abridged 
by  this  action  of  old  concepts.  The  difference  between  sensori- 
motor .learning  and  learning  through  abstraction  and  generaliza- 
tion is  not  so  much  a  difference  of  method  as  of  the  type  and 
complexity  of  previously  established  inter-relations  of  the  ma- 
terials to  be  organized.  All  of  our  data  appear  to  confirm  the 
view  recently  expressed  by  Thomdike  that  "Thinking  and  reas- 
oning do  not  seem  in  any  useful  sense  opposites  of  automatism, 
custom,  or  habit,  but  simply  the  action  of  habits  in  cases  where 
the  elements  of  the  situation  compete  and  co-operate  notably.*'" 
•  All  ideas  of  theoretical  importance  which  are  expressed  in  the 
foregoing  pages  have  been  stated  previously  by  other  writers. 
The  only  originality  which  is  claimed  for  the  present  study  is 
to  be  found  in  the  experimental  verification  of  some  of  these 
ideas  and  in  the  development  of  a  technique  which,  it  is  hoped, 
may  prove  to  be  of  value  in  the  further  investigation  of  some  of 
the  problems  in  this  field. 

2*  Thomdike,  E.  L.    "The  Psychology  of*  Thinking  in  the  Case  of  Read- 
ing," Psychological  Review,  vol.  XXIV,  1917,  pp.  233-234. 
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